EL35Ho)20SULS 



NOVEL ANTIBIOTICS AND METHODS OF USING THE SAME 

CROSS-REFERENCE TO RELATED APPLICATIONS 

5 The present Application is a non-provisional application claiming the priority of copending 
provisional U.S. Serial No. 60/084,399 filed May 6, 1998, the disclosure of which is hereby 
incorporated by reference in its entirety. Applicants claim the benefits of this Application 
under 35 U.S.C. § 119(e). 

10 RESEARCH SUPPORT 

The research leading to the present invention was supported in part by Grant NOs: AI27913 
and AI39482 from the National Institutes of Health. Accordingly, the Government may have 
certain rights in the present invention. Support for this invention was also provided by the 
15 AMERICAN LEBANESE SYRIAN ASSOCIATED CHARITIES. 

FIELD OF THE INVENTION 

The invention relates to the field of novel antibiotic peptides, including naturally occurring 
2 0 peptides. The nucleic acid sequence encoding the peptide and the corresponding amino acid 
sequence are included, together with methods of using the same. 

BACKGROUND OF THE INVENTION 

2 5 Bacterial infections remain among the most common and deadly causes of human disease. 

Unfortunately, the overuse of antibiotics has led to antibiotic resistant pathogenic strains of 
bacteria. Indeed, bacterial resistance to the new chemical analogs of these drugs appears to 
be out-pacing the development of such analogs. For example, life-threatening strains of three 
species of bacteria (Enterococcus faecalis, Mycobacterium tuberculosis, and Pseudomonas 

3 0 aeruginosa) have evolved to be resistant against all known antibiotics. [Stuart B. Levy, "The 

Challenge of Antibiotic Resistance", in Scientific American, pgs. 46-53 (March 1998)] 

Classical penicillin-type antibiotics bind to cell wall synthetic enzymes and thereby 
deregulate the activity of a single class of proteins known as autolysins which leads to 
3 5 bacterial lysis and bacterial cell death. The development of new drugs which affect an 
alternative bacterial target protein would be desirable. Pneumococcus is a particularly 
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relevant organism for such study because 1) it has only one autolysin (LytA rather than the 
multiple autolysins of other bacteria), 2) the autolysin has been cloned and sequenced and 
can therefore be easily manipulated genetically, and 3) pneumococcus has only one growth 
zone so that is possible to study activation of the enzyme in a fairly defined region of the cell. 

5 

Most bacteria are stabilized by a cell wall consisting of a glycopeptide polymeric murein 
(peptidoglycan) that completely enclosed the cell [Weidel & Pelzer et aL, EnzymoL, 26:193- 
232 (1964)]. Expansion of the cell wall during bacterial growth and splitting of the septum 
for cell separation requires enzymes that can cleave this covalently closed network. In 
10 addition to acting as spacemaker enzymes for cell wall growth [Tomasz et aL, Walter de 

Gruyter, 155-172 (1983)], certain murein hydrolases also act as autolysins, putative suicide 
j 3 enzymes. The life and death dichotomy of autolysin function demonstrates the need for 

:]j efficient and strict regulation of murein hydrolase activity. Not surprisingly, the regulation 

y of the autolysins is a highly sophisticated physiological task. For example, the enzymes must 

;jy 15 be controlled at their extracytoplasmic location. In addition, most bacteria possess multiple 

hydrolases which must be controlled in concert. Antibiotics such as penicillin induce 
:= bacteriolysis by interfering with the control of the endogenous autolytic enzymes, indicating 

the significant chemotherapeutic relevance of these enzymes. Although the binding of 

O antibiotics to cell wall synthetic enzymes has been very well characterized, it is unknown 

■ fi 

^ 2 0 how this event leads to deregulation of autolytic enzymes. 

Antibiotic tolerance, a phenomenon distinct from antibiotic resistance, was first described in 
1970 in pneumococci and provided a significant clue to the mechanism of action of penicillin 
[Tomasz et aL, Nature, 227:138-140 (1970)]. Tolerance strains stop growing in the presence 

2 5 of conventional concentrations of antibiotic, but do not subsequently die. Tolerance arises 

when the bacterial autolytic enzymes, Le. , autolysins, fail to be triggered as the antibiotic 
inhibits the cell wall synthetic machinery. This explicitly implies that penicillin kills bacteria 
by activating a set of endogenous hydrolytic enzymes and that bacteria exhibit strategies to 
stop this activation resulting in survival of antibiotic therapy. 

30 

Tolerance is of clinical significance since it has been shown that the inability to eradicate 
tolerant bacteria leads to failure of antibiotic therapy in clinical infections [Handwerger and 
Tomasz, Rev. Infect Dis., 7:368-386 (1985); TuomanenE., Rev. Insect Dis., 3:S279-S291 
(1986); and Tuomanen et aL, J. Infect Dis., 158:36-43 (1988)]. Furthermore, tolerance is 

3 5 thought to be a prerequisite to the development of antibiotic resistance since it creates 



2? 



* • 



3 

survivors of antibiotic therapy. These survivors can then acquire new genetic elements of 
resistance which allow growth in the presence of antibiotics. Virtually all resistant strains 
also have been shown to be tolerant [Liu and Tomasz, /. Infect. Dis., 152:365-372 (1985)]. 
Therefore, the identification of novel antibiotics which can lyse these "antibiotic-tolerant" 
5 bacteria is necessary. 

Mechanistically speaking, tolerance arises in two settings: 1) all bacteria become 
phenotypically tolerant as growth rate decreases [Tuomanen E., Revs. Infect. Dis., 3:S279- 
S291 (1986)] and 2) some bacteria are genotypically tolerant by virtue of acquisition of 
1 0 mutations. In both cases, the basic phenomenon is the down regulation of autolysin 
triggering. This down regulation is transient in phenotypic tolerance in response to 
Q environmental cues and is permanent in genotypic tolerance where mutation has changed the 

iTj lysis control loop. Obviously, the simplest example of genotypic tolerance is the deletion of 

the autolytic enzymes. This artificial situation was the basis of the first tolerant mutant 

;Jj 1 

,J3 15 described in 1970 [Tomasz et al, Nature, 227: 138-140 (1970)] but for reasons that are not 

! ^ clear, no clinical isolates have been found which are tolerant because of deletion of these 

i5 suicidal enzymes. Rather, clinical tolerance arises at the level of regulation of autolysin 

;=!: activity [Tuomanen et al, J. Infect. Dis., 158:36-43 (1988) and Tuomanen et al, Escherichia 

□ coll J. Bacterioi, 170:1373-1376 (1988)]. 

; J3 The most striking examples of powerful regulation of autolysis occur during bacterial 

response to stress: the stringent response to nutrient deprivation and the heat shock response. 
The existence of stress-induced global regulators of autolysis described are indicative of 
strong negative controls on hydrolase deregulation. Thus, bacteria control autolytic activity 

2 5 in order to prevent suicidal lysis. On the other hand, a striking beneficial clinical effect 

would accrue if one were able to prevent the generation of this protective response in 
bacteria, particularly in the case of recalcitrant infections involving bacteria sequestered in 
areas deficient in growth requirements, such as the cerebrospinal fluid, joint fluid, aqueous 
humor, cardiac vegetations, abscesses, and bone. It stands to reason that the course of 

3 0 therapy for all such infections is prolonged by the need to eradicate phenotypically tolerant 

bacteria to avoid the rapid relapse observed when antibiotic therapy is withdrawn and 
surviving bacteria begin to multiply once again. By identifying new antibiotics which can 
lyse these antibiotic-tolerant bacteria, it should be possible to subvert the protective effects 
on bacterial survival of slow growth rate or genotypic mutation to tolerance in vivo, thereby 
3 5 globally improving the outcome of antibiotic therapy. Bacteria have developed a complex 
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signaling system that enables the cell to respond swiftly to environmental stress. The 
histidyl-aspartyl (His-Asp) phosphorelay signal transduction system plays a major role in this 
signal transduction. There are two key participants in the His-Asp phosphorelay signal 
transduction system: (1) a sensor histidine kinase, which is generally a transmembrane 
5 protein; and (2) a response regulator which mediates changes in gene expression and/or 
cellular locomotion. The sensor histidine kinase contains a periplasmic or extracellular 
receptor that detects the external signal, and the sensor histidine kinase then mediates the 
signal into the cell by activating its corresponding response regulator. The activated response 
regulator then carries the signal intracellularly to effect the cellular response to the external 
1 0 signal. To date, 23-28 open reading frames have been identified in the Escherichia coli 

genome as encoding putative sensory histidine kinases, whereas 32 open reading frames have 
been identified as encoding putative response regulators [Mizuno, DNA Research, 4:161-168 
UJ (1997)]. The sensory histidine kinase of the His-Asp phosphorelay signal transduction 

ri system contains a specific histidine that is autophosphorylated in the presence of ATP. The 

l O 1 5 sensor histidine kinase transfers the phosphoryl group to a specific aspartyl residue of the 

*j* response regulator. This phosphoryl transfer activates the response regulator and thereby 

& transduces the signal, allowing the cell to rapidly respond to a particular environmental 

ijl challenge. 

/q 2 0 Most bacteria also possess transport ATPases that use the energy derived from their 

^ enzymatic hydrolysis of ATP to transport compounds into the cell. In E. coli, for example, 

the transport ATPases are located in the bacterial inner membrane, and they transport 
compounds from the periplasmic space into the cell. Transport ATPases are members of a 
large family of transport proteins termed ABC transporters. The name is derived from a 

2 5 highly conserved ATP-binding cassette contained by all of the members. Generally, ABC 

transporters are specific for a particular type of molecule (e.g., an amino acid, a sugar, an 
inorganic ion, a peptide or even a protein). [See, Alberts et al, Molecular Biology of the 
Cell, 3rd edition, Garland Publishing Inc. (New York) Pages 519-522 (1994)]. Heretofore, 
the relationship between autolysins, His-Asp phosphorelay systems, and ABC transporters 

3 0 has remained obscure. 

Bacteria produce peptides and small organic molecules that kill neighboring bacteria. These 
bacteriocins are of three varieties based on structure: 1) lantibiotics, 2) nonlantibiotics, and 
3) others secreted by virtue of a signal peptide (see Cintas et al, J. Bad., 180:1988-1994 
3 5 (1998)]. Animals, including insects, also naturally produce peptide antibiotics [Bevins et al, 
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Ann. Rev. Biochem., 59:395-414 (1990)]. These antibiotics have been organized in three 
structural groups: (1) Cysteine-rich P-sheet peptides; (2) a -helical, amphipathic molecules; 
and (3) proline-rich peptides [Mayasaki et al, Int. J. of Antimicrob. Agents, 9:269-280 
(1998)]. However, the use of such antibiotics to combat resistant bacterial strains is only 
5 beginning to be exploited. 

New approaches to drug development are necessary to conibat the ever-increasing number of 
antibiotic-resistant pathogens. In addition, new antibiotics need to be identified which will 
act independently of autolysins such as the pneumococcal autolysin, LytA. Furthermore, 
1 0 there is a need to provide pharmaceutical compositions containing such new antibiotics in 
order to more effectively treat bacterial infections and inflammations. 

The citation of any reference herein should not be construed as an admission that such 
reference is available as "Prior Art" to the instant application. 



The present invention provides methods of identifying novel antibiotic peptides. In addition, 
the present invention provides the antibiotics themselves. In a particular embodiment, the 
2 0 peptides can act with another antibiotic, such as penicillin, to synergistically kill slow 

growing or non-growing bacteria. Included in the present invention are antibiotic peptides 
that can contain unnatural amino acids and/or are branched or cyclic in structure. In a 
particular embodiment, the peptide is neither hydrophobic nor cationic. The present 
invention further provides methods of using the antibiotics in the treatment and prevention of 

2 5 bacterial infections and inflammations. 

A key aspect of the present invention are antibiotic peptides comprising a portion of the 
amino acid sequence of MEFMRKEFHN VLS S G QLLADKRP ARD YNRK (SEQ ID NO:48) 
which is encoded by the nucleic acid sequence SEQ ID NO:45, and more particularly by the 

3 0 nucleic acid sequence SEQ ID NO:54. The present invention therefore provides an isolated 

nucleic acid encoding a peptide comprising the amino acid sequence of SEQ ID NO:2 with a 
conservative amino acid substitution. Preferably, the peptide is capable of inhibiting growth 
of both wild type pneumococci, and a strain of pneumococcus that is autolysin deficient {e.g., 
either lacking LytA or containing a defective LytA). More preferably, the peptide can inhibit 
3 5 the growth of a vancomycin tolerant bacterial cell. In a particular embodiment the peptide 
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kills autolysis prone pneumococci without lysing the cell. In a preferred embodiment, the 
peptide acts together with penicillin (or analogues thereof) in a synergistic manner to kill 
bacterial cells. 

In a particular embodiment of this type, the nucleic acid encodes a peptide containing no 
more than 100 amino acids. In a preferred embodiment of this type, the nucleic acid encodes 
a peptide that contains no more than 75 amino acids. In another embodiment the nucleic acid 
encodes a peptide that contains no more than 50 amino acids. In still another embodiment, 
the nucleic acid encodes a peptide that contains 25 to 35 amino acids. In a preferred 
embodiment, the nucleic acid encodes a peptide comprising the amino acid sequence of 
MRKEFHN VLS S GQLLADKRP ARD YN (SEQ ID NO:2). In a more preferred embodiment, 
the nucleic acid comprises the nucleotide sequence of SEQ ID NO:l. 

A related aspect of the present invention provides an isolated nucleic acid encoding a peptide 
comprising the amino acid sequence of SEQ ID NO:4 with a conservative amino acid 
substitution. Preferably, the peptide is capable of inhibiting the growth of or killing both 
wild type pneumococci, and a strain of pneumococcus that is autolysin deficient. More 
preferably, the peptide can inhibit the growth of or kill a vancomycin tolerant bacterial cell. 
In a particular embodiment the peptide kills autolysis prone pneumococci without lysing the 
cell. In a preferred embodiment, the peptide acts together with penicillin (or analogues 
thereof) in a synergistic manner to kill bacterial cells. 

In a particular embodiment of this type, the nucleic acid encodes a peptide containing no 
more than 100 amino acids. In a preferred embodiment of this type, the nucleic acid encodes 
a peptide that contains no more than 75 amino acids. In another embodiment the nucleic acid 
encodes a peptide that contains no more than 50 amino acids. In still another embodiment, 
the nucleic acid encodes a peptide that contains 25 to 35 amino acids. In a preferred 
embodiment, the nucleic acid encodes a peptide comprising the amino acid sequence of 
MRKEFHN VLS AGQLLADKRP ARD YN (SEQ ID NO:4). In a more preferred embodiment, 
the nucleic acid comprises the nucleotide sequence of SEQ ID NO:3. 

A related aspect of the present invention provides an isolated nucleic acid encoding a peptide 
comprising the amino acid sequence of SEQ ID NO:44 with a conservative amino acid 
substitution. Preferably, the peptide is capable of inhibiting the growth of or killing both 
wild type pneumococci, and a strain of pneumococcus that is autolysin deficient. More 




preferably, the peptide can inhibit the growth of or kill a vancomycin tolerant bacterial cell. 
In a particular embodiment the peptide kills autolysis prone pneumococci without lysing the 
cell. In a preferred embodiment, the peptide acts together with penicillin (or analogues 
thereof) in a synergistic manner to kill bacterial cells. 

5 

In a particular embodiment of this type, the nucleic acid encodes a peptide containing no 
more than 100 amino acids. In a preferred embodiment of this type, the nucleic acid encodes 
a peptide that contains no more than 75 amino acids. In another embodiment the nucleic acid 
encodes a peptide that contains no more than 50 amino acids. In still another embodiment, 
10 the nucleic acid encodes a peptide that contains 27 to 40 amino acids. In a preferred 
embodiment, the nucleic acid encodes a peptide comprising the amino acid sequence of 
MRKEFHNVLSSGQLLADKRPARDYNRK (SEQ ID NO:44). In a more preferred 
embodiment, the nucleic acid comprises the nucleotide sequence of SEQ ID NO:53. 

15 In another embodiment the nucleic acid encodes a peptide having the amino acid sequence of 
g> MRKEFHN VLS S GQLLADKRP ARDXT^ (where X is any amino acid residue) with a 

conservative amino acid substitution. This peptide is capable of inhibiting the growth of or 

killing both wild type pneumococci, and a strain of pneumococcus that is autolysin deficient. 

Preferably, the peptide can inhibit the growth of or kill a vancomycin tolerant bacterial cell. 
2 0 In a particular embodiment the peptide kills autolysis prone pneumococci without lysing the 

cell. In a preferred embodiment, the peptide acts together with penicillin (or analogues 

thereof) in a synergistic manner to kill bacterial cells. 

In a particular embodiment of this type, the nucleic acid encodes a peptide containing no 

2 5 more than 100 amino acids. In a preferred embodiment of this type, the nucleic acid encodes 

a peptide that contains no more than 75 amino acids. In another embodiment the nucleic acid 
encodes a peptide that contains no more than 50 amino acids. In still another embodiment, 
the nucleic acid encodes a peptide that contains 25 to 35 amino acids. In a preferred 
embodiment, the nucleic acid encodes a peptide comprising the amino acid sequence of 
0 3 0 MRKEFHN VLS S GQLLADKRP ARDXN^ J 

The present invention also provides a nucleic acid encoding a peptide containing 7 to 100 
amino acids that comprises three contiguous amino acids from the amino acid sequence of 
SEQ ID NO:2, wherein the peptide is capable of inhibiting the growth of or killing both wild 

3 5 type pneumococci, and a strain of pneumococcus that is autolysin. deficient. Preferably, the 
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peptide can inhibit the growth of or kill a vancomycin tolerant bacterial cell. In a particular 
embodiment the peptide kills autolysis prone pneumococci without lysing the cell. In a 
preferred embodiment, the peptide acts together with penicillin (or analogues thereof) in a 
synergistic manner to kill bacterial cells. 

In one such embodiment the nucleic acid encodes a peptide that contains 12 to 50 amino 
acids. In another embodiment, the nucleic acid encodes a peptide that contains 17 to 35 
amino acids. In a preferred embodiment of this type, the nucleic acid encodes a peptide 
having 20 to 30 amino acids. In a more preferred embodiment, the nucleic acid encodes a 
peptide having 25 amino acids. 

The present invention further provides a nucleic acid encoding a peptide containing 7 to 100 
amino acids that comprises five contiguous amino acids from the amino acid sequence of 
SEQ ID NO:2, wherein the peptide is capable of inhibiting the growth of or killing both wild 
type pneumococci, and a strain of pneumococcus that is autolysin deficient. Preferably, the 
peptide can inhibit the growth of or kill a vancomycin tolerant bacterial cell. In a particular 
embodiment the peptide kills autolysis prone pneumococci without lysing the cell. In a 
preferred embodiment, the peptide acts together with penicillin (or analogues thereof) in a 
synergistic manner to kill bacterial cells. 

In one such embodiment the nucleic acid encodes a peptide that contains 12 to 50 amino 
acids. In another embodiment, the nucleic acid encodes a peptide that contains 17 to 35 
amino acids. In a preferred embodiment of this type, the nucleic acid encodes a peptide 
having 20 to 30 amino acids. In a more preferred embodiment, the nucleic acid encodes a 
peptide having 25 amino acids. 

The present invention further provides a nucleic acid encoding a peptide containing 7 to 100 
amino acids that comprises seven contiguous amino acids from the amino acid sequence of 
SEQ ID NO:2, wherein the peptide is capable of inhibiting the growth of or killing both wild 
type pneumococci, and a strain of pneumococcus that is autolysin deficient. Preferably, the 
peptide can inhibit the growth of or kill a vancomycin tolerant bacterial cell. In a particular 
embodiment the peptide kills autolysis prone pneumococci without lysing the cell. In a 
preferred embodiment, the peptide acts together with penicillin (or analogues thereof) in a 
synergistic manner to kill bacterial cells. 




In one such embodiment the nucleic acid encodes a peptide that contains 12 to 50 amino 
acids. In another embodiment, the nucleic acid encodes a peptide that contains 17 to 35 
amino acids. In a preferred embodiment of this type, the nucleic acid encodes a peptide 
having 20 to 30 amino acids. In a more preferred embodiment, the nucleic acid encodes a 
5 peptide having 25 amino acids. 

The present invention further provides a nucleic acid encoding a peptide containing 12 to 100 
amino acids that comprises twelve contiguous amino acids from the amino acid sequence of 
SEQ ID NO:2, wherein the peptide is capable of inhibiting the growth of or killing both wild 
1 0 type pneumococci, and a strain of pneumococcus that is autolysin deficient. Preferably, the 
peptide can inhibit the growth of or kill a vancomycin tolerant bacterial cell. In a particular 
en±>odiment the peptide kills autolysis prone pneumococci without lysing the cell. In a 
preferred embodiment, the peptide acts together with penicillin (or analogues thereof) in a 
synergistic manner to kill bacterial cells. 

15 

In one such embodiment the nucleic acid encodes a peptide that contains 16 to 50 amino 
acids. In another embodiment, the nucleic acid encodes a peptide that contains 20 to 35 
amino acids. In a preferred embodiment of this type, the nucleic acid encodes a peptide 
having 22 to 28 amino acids. In a more preferred embodiment, the nucleic acid encodes a 

2 0 peptide having 25 amino acids. 

The present invention also provides a nucleic acid encoding a peptide containing 8 to 100 
amino acids, and comprising the amino acid sequence of 
t DKRPARDY (S&Q Jb A/^V^ 

jt> 2 5 or the amino acid sequence of DKRPARDY^having a conservative amino acid substitution, 
wherein the peptide is capable of inhibiting the growth of or killing both wild type 
pneumococci, and a strain of pneumococcus that is autolysin deficient. Preferably, the 
peptide can inhibit the growth of or kill a vancomycin tolerant bacterial cell. In a particular 
embodiment the peptide kills autolysis prone pneumococci without lysing the cell. In a 

3 0 preferred embodiment, the peptide acts together with penicillin (or analogues thereof) in a 

synergistic manner to kill bacterial cells. 

In one such embodiment the nucleic acid encodes a peptide that contains 12 to 50 amino 
acids. In another embodiment, the nucleic acid encodes a peptide that contains 17 to 35 
3 5 amino acids. In a preferred embodiment of this type, the nucleic acid encodes a peptide 
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hav ing 20 to 30 amino acids. In a more preferred embodiment, the nucleic acid encodes a 
peptide having 25 amino acids. 

The present invention also provides a nucleic acid encoding a peptide containing 7 to 100 
5 amino acids and comprising the amino acid sequence of 
. RKEFHNV£&« XS>a/DW0 

(2 or the amino acid sequence of RKEFHNVJiaving a conservative amino acid substitution, 
wherein the peptide is capable of inhibiting the growth of or killing both wild type 
pnewnococci, and a strain of pneumococcus that is autolysin deficient. Preferably, the 
1 0 peptide can inhibit the growth of or kill a vancomycin tolerant bacterial cell. In a particular 
embodiment the peptide kills autolysis prone pneumococci without lysing the cell. In a 
Q preferred embodiment, the peptide acts together with penicillin (or analogues thereof) in a 

'r*s synergistic manner to kill bacterial cells. 

, fi 15 In one such embodiment the nucleic acid encodes a peptide that contains 12 to 50 amino 

^3 acids. In another embodiment, the nucleic acid encodes a peptide that contains 17 to 35 

amino acids. In a preferred embodiment of this type, the nucleic acid encodes a peptide 
y having 20 to 30 amino acids. In a more preferred embodiment, the nucleic acid encodes a 

q peptide having 25 amino acids, 

4! 20 

:jQ The present invention also provides a nucleic acid encoding a peptide containing 7 to 100 

amino acids and comprising the amino acid sequence of 
t> LSSGQLL /\3£fl -Z-D V0.'V3) 

& or the amino acid sequence of LSSGQLL.having a conservative amino acid substitution, 

2 5 wherein the peptide is capable of inhibiting the growth of or killing both wild type 

pneumococci, and a strain of pneumococcus that is autolysin deficient. Preferably, the 
peptide can inhibit the growth of or kill a vancomycin tolerant bacterial cell. In a particular 
embodiment the peptide kills autolysis prone pneumococci without lysing the cell. In a 
preferred embodiment, the peptide acts together with penicillin (or analogues thereof) in a 

3 0 synergistic manner to kill bacterial cells. 

In one such embodiment the nucleic acid encodes a peptide that contains 12 to 50 amino 
acids. In another embodiment, the nucleic acid encodes a peptide that contains 17 to 35 
amino acids. In a preferred embodiment of this type, the nucleic acid encodes a peptide 
3 5 having 20 to 30 amino acids. In a more preferred enibodiment, the nucleic acid encodes a 
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peptide having 25 amino acids. 

The present invention also provides a nucleic acid encoding a peptide containing 23 to 100 
amino acids and comprising the amino acid sequence of 
£ 5 RKEFHXXXXXXQLLXDKRPXRDY, CSBCX Xb A/ 0*3^) 

(where X can be any amino acid) or this amino acid sequence having a conservative amino 
acid substitution, wherein the peptide is capable of inhibiting the growth of or killing both 
wild type pneumococci, and a strain of pneumococcus that is autolysin deficient. Preferably, 
the peptide can inhibit the growth of or kill a vancomycin tolerant bacterial cell. In a 
1 0 particular embodiment the peptide kills autolysis prone pneumococci without lysing the cell. 
In a preferred embodiment, the peptide acts together with penicillin (or analogues thereof) in 
O a synergistic manner to kill bacterial cells. 

: 

w In a particular embodiment of this type, the nucleic acid encodes a peptide that contains no 

; J2 15 more than 75 amino acids. In another such embodiment the nucleic acid encodes a peptide 

that contains no more than 50 amino acids. In still another such embodiment, the nucleic 
;s acid encodes a peptide that contains 25 to 35 amino acids. 

O The present invention further provides a nucleic acid encoding a peptide containing 25 to 100 

1! 2 0 amino acids and comprising an amino acid sequence of 

ifl £ MXXXXXNVLSXGXXXAXXXXAXXXN C^&Q * ^ 

or this amino acid sequence having a conservative amino acid substitution, wherein the 
peptide is capable of inhibiting the growth of or killing both wild type pneumococci, and a 
strain of pneumococcus that is autolysin deficient. Preferably, the peptide can inhibit the 

2 5 growth of or kill a vancomycin tolerant bacterial cell. In a particular embodiment the peptide 

kills autolysis prone pneumococci without lysing the cell. In a preferred embodiment, the 
peptide acts together with penicillin (or analogues thereof) in a synergistic manner to kill 
bacterial cells. 

3 0 In a particular embodiment of this type, the nucleic acid encodes a peptide that contains no 

more than 75 amino acids. In another such embodiment the nucleic acid encodes a peptide 
that contains no more than 50 amino acids. In still another such embodiment, the nucleic 
acid encodes a peptide that contains 25 to 35 amino acids. 

3 5 The present invention further provides nucleic acids encoding the components of the His-Asp 
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phosphorelay pathway and ABC transporter system of the present invention. In one such 
embodiment, the nucleic acid encodes a histidine kinase having the amino acid sequence of 
SEQ ID NO: 14. In another embodiment the nucleic acid encodes a homologue of that 
histidine kinase. In still another embodiment the nucleic acid encodes a histidine kinase 
5 having the amino acid sequence of SEQ ID NO: 14 with a conservative amino acid 

substitution. In a particular embodiment the nucleic acid has the nucleotide sequence of SEQ 
ID NO: 13. In another embodiment, the nucleic acid encodes a response regulator having the 
amino acid sequence of SEQ ID NO: 16. In another embodiment the nucleic acid encodes a 
homologue of that response regulator. In yet another embodiment the nucleic acid encodes a 
1 0 response regulator having the amino acid sequence of SEQ ID NO: 1 6 with a conservative 
amino acid substitution. In a particular embodiment, the nucleic acid has the nucleotide 
□ sequence of SEQ ID NO: 15. 

Q In a related embodiment, the present invention provides a nucleic acid encoding a component 

■ fl 

15 of an ABC transporter system. In one such embodiment the nucleic acid encodes a 
j 5 component having the amino acid sequence of SEQ ID NO: 18. In another embodiment, the 

component is a homologue of that component. In still another embodiment the nucleic acid 
y encodes a component having the amino acid sequence of SEQ ID NO: 18 with a conservative 

13 amino acid substitution. In a particular embodiment, the nucleic acid has the nucleotide 

2 0 sequence of SEQ ID NO: 17. In another embodiment, the nucleic acid encodes a component 
•yO of the ABC transporter system having the amino acid sequence of SEQ ID NO:20. In another 

embodiment, the component is a homologue of that component. In yet another embodiment, 
the nucleic acid encodes a component having the amino acid sequence of SEQ ID NO:20 
with a conservative amino acid substitution. In a particular embodiment, the nucleic acid has 

2 5 the nucleotide sequence of SEQ ID NO: 19. In another embodiment, the nucleic acid encodes 

a component of the ABC transporter system having the amino acid sequence of SEQ ID 
NO:22. In still another embodiment, the component is a homologue of that component. In 
yet another embodiment, the nucleic acid encodes a component having the amino acid 
sequence of SEQ ID NO:22 with a conservative amino acid substitution. In a particular 

3 0 embodiment, the nucleic acid has the nucleotide sequence of SEQ ID NO:21. In another 

embodiment, the nucleic acid has the nucleotide sequence of SEQ ID NO:23. All of the 
nucleic acids of the present invention can also contain an heterologous nucleotide sequence. 



The nucleic acids encoding the peptides and proteins of the present invention can be either 
3 5 RNA or DNA. Cloning vectors that comprise such DNAs are therefore also included. 
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Similarly, expression vectors which comprise DNA encoding the peptides or proteins of the 
present invention, and which are operatively associated with an expression control sequence, 
are also included. In addition, the present invention contains unicellular hosts that are 
transfected or transformed with the expression vectors of the present invention. In one such 
5 embodiment the unicellular host is a bacterium. The present invention also includes 
mammalian cells transfected or transformed with the expression vector of the present 
invention. The present invention further includes method of isolating the peptides and 
proteins of the present invention prepared by the recombinant methods described herein. 
Further included in the present invention are the recombinant peptides and proteins isolated 
10 by such procedures. 

Another aspect of the present invention provides a peptide containing no more than 100 
amino acids and comprising the amino acid sequence of SEQ ID NO:2 with a conservative 
amino acid substitution. Preferably, the peptide is capable of inhibiting the growth of or 
15 killing both wild type pneumococci, and a strain of pneumococcus that is autolysin deficient. 
! 5 More preferably, the peptide can inhibit the growth of or kill a vancomycin tolerant bacterial 

T cell. In a particular embodiment the peptide kills autolysis prone pneumococci without 

^ lysing the cell. In a preferred embodiment, the peptide acts together with penicillin (or 

q analogues thereof) in a synergistic manner to kill bacterial cells. 
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In a particular embodiment of this type, the peptide contains no more than 75 amino acids. In 
another embodiment the peptide contains no more than 50 amino acids. In still another 
embodiment, the peptide contains 25 to 35 amino acids. In preferred embodiment, the 
peptide comprises the amino acid sequence of SEQ ID NO:2. 



25 



A related aspect of the present invention provides a peptide comprising the amino acid 
sequence of SEQ ID NO:4 with a conservative amino acid substitution. Preferably, the 
peptide is capable of inhibiting the growth of or killing both wild type pneumococci, and a 
strain of pneumococcus that is autolysin deficient. More preferably, the peptide can inhibit 
3 0 the growth of or kill a vancomycin tolerant bacterial cell. In a particular embodiment the 
peptide kills autolysis prone pneumococci without lysing the cell. In a preferred 
embodiment, the peptide acts together with penicillin (or analogues thereof) in a synergistic 
manner to kill bacterial cells. 

3 5 In a particular embodiment of this type, the peptide contains no more than 100 amino acids. 
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In a preferred embodiment of this type, the peptide contains no more than 75 amino acids. In 
another embodiment the peptide contains no more than 50 amino acids. In still another 
embodiment, the peptide contains 25 to 35 amino acids. In a preferred embodiment, the 
peptide comprises the amino acid sequence of SEQ ID NO:4. 

5 

Another related aspect of the present invention provides a peptide comprising the amino acid 
sequence of SEQ ID NO:44 with a conservative amino acid substitution. Preferably, the 
peptide is capable of inhibiting the growth of or killing both wild type pneumococci, and a 
strain of pneumococcus that is autolysin deficient. More preferably, the peptide can inhibit 
1 0 the growth of or kill a vancomycin tolerant bacterial cell. In a particular embodiment the 
peptide kills autolysis prone pneumococci without lysing the cell. In a preferred 
embodiment, the peptide acts together with penicillin (or analogues thereof) in a synergistic 
manner to kill bacterial cells. 

15 In a particular embodiment of this type, the peptide contains no more than 100 amino acids. 
In a preferred embodiment of this type, the peptide contains no more than 75 amino acids. In 
another embodiment the peptide contains no more than 50 amino acids. In still another 
embodiment, the peptide contains 27 to 40 amino acids. In a preferred embodiment, the 
peptide comprises the amino acid sequence of SEQ ID NO:44. 

20 

In another embodiment the present invention provides a peptide having the amino acid 
£ sequence of MRKEFHNVLSSGQLLADKRPARDXIS^ (where X is any amino acid residue) 
with a conservative amino acid substitution. This peptide is capable of inhibiting the growth 
of or killing both wild type pneumococci, and a strain of pneumococcus that is autolysin . 

2 5 deficient. Preferably, the peptide can inhibit the growth of or kill a vancomycin tolerant 

bacterial cell. In a particular embodiment the peptide kills autolysis prone pneumococci 
without lysing the cell. In a preferred embodiment, the peptide acts together with penicillin 
(or analogues thereof) in a synergistic manner to kill bacterial cells. 

3 0 In a particular embodiment of this type, the peptide contains no more than 100 amino acids. 

In a preferred embodiment of this type, the peptide contains no more than 75 amino acids. In 
another embodiment the peptide contains no more than 50 amino acids. In still another 
embodiment, the peptide contains 25 to 35 amino acids. In a preferred en±>odimen^hp^ 
£ peptide comprises the amino acid sequence of MRKEFHNVLSSGQLLADKRPARDXN^ 
35 
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The present invention also provides a peptide containing 7 to 100 amino acids that comprises 
three contiguous amino acids from the amino acid sequence of SEQ ID NO:2, wherein the 
peptide is capable of inhibiting the growth of or killing both wild type pneumococci, and a 
strain of pneumococcus that is autolysin deficient. Preferably, the peptide can inhibit the 
5 growth of or kill a vancomycin tolerant bacterial cell. In a particular embodiment the peptide 
kills autolysis prone pneumococci without lysing the cell. In a preferred embodiment, the 
peptide acts together with penicillin (or analogues thereof) in a synergistic manner to kill 
bacterial cells. 

10 In one such embodiment the peptide contains 12 to 50 amino acids. In another embodiment, 
the peptide contains 17 to 35 amino acids. In a preferred embodiment of this type, the 
peptide has 20 to 30 amino acids. In a more preferred embodiment, the peptide has 25 amino 
acids. 

15 The present invention farther provides a peptide containing 7 to 100 amino acids that 
comprises five contiguous amino acids from the amino acid sequence of SEQ ID NO:2, 
wherein the peptide is capable of inhibiting the growth of or killing both wild type 
pneumococci, and a strain of pneumococcus that is autolysin deficient. Preferably, the 
peptide can inhibit the growth of or kill a vancomycin tolerant bacterial cell. In a particular 

2 0 embodiment the peptide kills autolysis prone pneumococci without lysing the cell. In a 

preferred embodiment, the peptide acts together with penicillin (or analogues thereof) in a 
synergistic manner to kill bacterial cells. 

In one such embodiment the peptide contains 12 to 50 amino acids. In another embodiment, 

2 5 the peptide contains 17 to 35 amino acids. In a preferred embodiment of this type, the 

peptide has 20 to 30 amino acids. In a more preferred embodiment, the peptide has 25 amino 
acids. 

The present invention further provides a peptide containing 7 to 100 amino acids that 

3 0 comprises seven contiguous amino acids from the amino acid sequence of SEQ ID NO:2, 

wherein the peptide is capable of inhibiting the growth of or killing both wild type 
pneumococci, and a strain of pneumococcus that is autolysin deficient. Preferably, the 
peptide can inhibit the growth of or kill a vancomycin tolerant bacterial cell. In a particular 
embodiment the peptide kills autolysis prone pneumococci without lysing the cell. In a 
3 5 preferred embodiment, the peptide acts together with penicillin (or analogues thereof) in a 
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synergistic manner to kill bacterial cells. 



In one such embodiment the peptide contains 12 to 50 amino acids. In another embodiment, 
the peptide contains 17 to 35 amino acids. In a preferred embodiment of this type, the 
5 peptide has 20 to 30 amino acids. In a more preferred embodiment, the peptide has 25 amino 
acids. 



The present invention further provides a peptide containing 12 to 100 amino acids that 
comprises twelve contiguous amino acids from the amino acid sequence of SEQ ID NO:2, 
1 0 wherein the peptide is capable of inhibiting the growth of or killing both wild type 

pneumococci, and a strain of pneumococcus that is autolysin deficient. Preferably, the 
O peptide can inhibit the growth of or kill a vancomycin tolerant bacterial cell. In a particular 

u\ embodiment the peptide kills autolysis prone pneumococci without lysing the cell. In a 

] 3 preferred embodiment, the peptide acts together with penicillin (or analogues thereof) in a 

-.ft 15 synergistic manner to kill bacterial cells. 

:= In one such embodiment the peptide contains 16 to 50 amino acids. In another embodiment, 

-art 

^ the peptide contains 20 to 35 amino acids. In a preferred embodiment of this type, the 

3 peptide has 22 to 28 amino acids. In a more preferred embodiment, the peptide has 25 amino 

m 2 0 acids. 

i 

The present invention also provides a peptide containing 8 to 100 amino acids, and 
comprising the amino acid sequence of 
h DKRPARDY {$&Cl SO V<0 

r) 2 5 or the amino acid sequence of DKRPARDY^having a conservative amino acid substitution, 
wherein the peptide is capable of inhibiting the growth of or killing both wild type 
pneumococci, and a strain of pneumococcus that is autolysin deficient. Preferably, the 
peptide can inhibit the growth of or kill a vancomycin tolerant bacterial cell. In a particular 
embodiment the peptide kills autolysis prone pneumococci without lysing the cell. In a 
3 0 preferred embodiment, the peptide acts together with penicillin (or analogues thereof) in a 
synergistic manner to kill bacterial cells. 

In one such embodiment the peptide contains 12 to 50 amino acids. In another embodiment, 
the peptide contains 17 to 35 amino acids. In a preferred embodiment of this type, the 
3 5 peptide has 20 to 30 amino acids. In a more preferred embodiment, the peptide has 25 amino 
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acids. 

The present invention also provides a peptide containing 7 to 100 amino acids and comprises 
the amino acid sequence of 
J? 5 _ RKEFHNV £5&C^ Z£V ASP.' VO 

J^> or the amino acid sequence of RKEFHNA^having the conservative amino acid substitution, 
wherein the peptide is capable of inhibiting the growth of or killing both wild type 
pneumococci, and a strain of pneumococcus that is autolysin-deficient. Preferably, the 
peptide can inhibit the growth of or kill a vancomycin tolerant bacterial cell. In a particular 
1 0 embodiment the peptide kills autolysis prone pneumococci without lysing the cell. In a 

preferred embodiment, the peptide acts together with penicillin (or analogues thereof) in a 
synergistic manner to kill bacterial cells. 

In one such embodiment the peptide contains 12 to 50 amino acids. In another embodiment, 
15 the peptide contains 17 to 35 amino acids. In a preferred embodiment of this type, the 

peptide has 20 to 30 amino acids. In a more preferred embodiment, the peptide has 25 amino 
acids. 

The present invention also provides a peptide containing 7 to 100 amino acids and comprises 
2 0 the amino acid sequence of 
A LSSGQLL ^« SV»0:*&) 

or the amino acid sequence of LSSGQCI^having a conservative amino acid substitution, 
wherein the peptide is capable of inhibiting the growth of or killing both wild type 
pneumococci, and a strain of pneumococcus that is autolysin deficient. Preferably, the 

2 5 peptide can inhibit the growth of or kill a vancomycin tolerant bacterial cell. In a particular 

embodiment the peptide kills autolysis prone pneumococci without lysing the cell. In a 
preferred embodiment, the peptide acts together with penicillin (or analogues thereof) in a 
synergistic manner to kill bacterial cells. 

3 0 In one such embodiment the peptide contains 12 to 50 amino acids. In another embodiment, 

the peptide contains 17 to 35 amino acids. In a preferred embodiment of this type, the 
peptide has 20 to 30 amino acids. In a more preferred embodiment, the peptide has 25 amino 
acids. 

3 5 The present invention also provides a peptide containing 23 to 100 amino acids and 
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comprising the amino acid sequence of ^ ^ * 

^ RKEFHXXXXXXQLLXDKRPXRDY ^ n & * ^ ' 

or this amino acid sequence having a conservative amino acid substitution, wherein the 
peptide is capable of inhibiting the growth of or killing both wild type pneumococci, and a 
5 strain of pneumococcus that is autolysin deficient. Preferably, the peptide can inhibit the 

growth of or kill a vancomycin tolerant bacterial cell. In a particular embodiment the peptide 
kills autolysis prone pneumococci without lysing the cell. In a preferred embodiment, the 
peptide acts together with penicillin (or analogues thereof) in a synergistic manner to kill 
bacterial cells. 

10 

In a particular embodiment of this type, the peptide contains no more than 75 amino acids. In 
another such embodiment the peptide contains no more than 50 amino acids. In still another 
such embodiment, the peptide that contains 25 to 35 amino acids. 

15 The present invention further provides a peptide containing 25 to 100 amino acids and 
comprising the amino acid sequence of 

MXXXXXNVLSXGXXXAXXXXAXXXN 6$ 
or this amino acid sequence having a conservative amino acid substitution, wherein the 
peptide is capable of inhibiting the growth of or killing both wild type pneumococci, and a 

2 0 strain of pneumococcus that is autolysin deficient. Preferably, the peptide can inhibit the 

i,jr*| 

f* growth of or kill a vancomycin tolerant bacterial cell. In a particular embodiment the peptide 

kills autolysis prone pneumococci without lysing the cell. In a preferred embodiment, the 
peptide acts together with penicillin (or analogues thereof) in a synergistic manner to kill 
bacterial cells. 

25 

In a particular embodiment of this type, the peptide contains no more than 75 amino acids. In 
another such embodiment the peptide contains no more than 50 amino acids. In still another 
such embodiment, the peptide contains 25 to 35 amino acids. 

3 0 The present invention further provides the components of the His- Asp phosphorelay pathway 

and ABC transporter system of the present invention. One such embodiment is a histidine 
kinase having the amino acid sequence of SEQ ID NO: 14. Another embodiment is a 
homologue of that histidine kinase. Still another embodiment is a histidine kinase having the 
amino acid sequence of SEQ ID NO:14 with a conservative amino acid substitution. Another 
3 5 such embodiment is a response regulator having the amino acid sequence of SEQ ID NO: 16. 



[1 




19 

Still another embodiment is a homologue of that response regulator. Yet another 
embodiment is a response regulator having the amino acid sequence of SEQ ID NO: 16 with a 
conservative amino acid substitution. 



5 In a related embodiment, the present invention provides a component of an ABC transporter 
system. One such embodiment is a component having the amino acid sequence of SEQ ID 
NO: 18. Another embodiment is a component that is a homologue of the component having 
the amino acid sequence of SEQ ID NO:l 8. Still another embodiment is a component having 
the amino acid sequence of SEQ ID NO: 18 with a conservative amino acid substitution. 

10 Another embodiment is a component of the ABC transporter system having the amino acid 
sequence of SEQ ID NO:20. Still another embodiment is a homologue of the component 
having an amino acid sequence of SEQ ID NO:20. Yet another embodiment is a component 
having the amino acid sequence of SEQ ID NO:20 with a conservative amino acid 
substitution. Still another embodiment is a component of the ABC transporter system having 

15 the amino acid sequence of SEQ ID NO:22. Yet another embodiment is a component that is 
a homologue of the component having the amino acid sequence of SEQ ID NO:22. Yet 
another embodiment is a component having the amino acid sequence of SEQ ID NO:22 with 
a conservative amino acid substitution. 

2 0 All of the proteins of the present invention can also be formed into fusion proteins or 

chimeric proteins. Fragments {e.g. by proteolytic digestion such as by trypsin) of these 
proteins are also part of the present invention. 

The present invention also provides antibodies raised against any of the proteins or peptides 

2 5 of the present invention. In one such embodiment the antibody is raised against a peptide 

containing no more than 100 amino acids and comprising the amino acid sequence of SEQ ID 
NO:2 or SEQ ID NO:2 with a conservative amino acid substitution. In a particular 
embodiment of this type, the antibody is raised against a peptide containing no more than 100 
amino acids and comprising the amino acid sequence of SEQ ID NO:44 with a conservative 

3 0 amino acid substitution. Preferably the peptide can inhibit the growth of or kill both wild 

type pneumococci, and a strain of pneumococcus that is autolysin deficient. More preferably, 
the peptide can inhibit the growth of or kill a vancomycin tolerant bacterial cell. In a 
particular embodiment the peptide kills autolysis prone pneumococci without lysing the cell. 
In a preferred embodiment, the peptide acts together with penicillin (or analogues thereof) in 
3 5 a synergistic manner to kill bacterial cells. 
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In a preferred embodiment of this type, the antibody is raised against the peptide having the 
amino acid sequence of SEQ ID NO:2 or SEQ ID NO:44 . In a related embodiment, the 
antibody is raised against a fragment of 6 to 18 contiguous amino acids of the peptide having 
the amino acid sequence of SEQ ID NO:2. In yet another embodiment, the antibody is raised 
against the histidine kinase having the amino acid sequence of SEQ ID NO: 14, or raised 
against a fragment thereof. 

The antibodies of the present invention can be either polyclonal or monoclonal antibodies, 
including chimeric antibodies. One embodiment includes an immortal cell line that produces 
a monoclonal antibody raised against a peptide of the present invention. In a preferred 
embodiment of this type the monoclonal antibody is raised against a peptide comprising the 
amino acid sequence of SEQ ID NO:2, or a fragment thereof. In another embodiment, the 
monoclonal antibody is raised against the response regulator having the amino acid sequence 
of SEQ ID NO: 16, or raised against a fragment thereof. 

The present invention further provides pharmaceutical compositions for treating a bacterial 
infection comprising one or more of the peptides of the present invention, and a 
pharmaceutical^ acceptable carrier. Any of the peptides disclosed herein can be used in 
such pharmaceutical compositions. In one such embodiment, the pharmaceutical 
composition comprises a peptide having the amino acid sequence of SEQ ID NO:2, and a 
pharmaceutical^ acceptable carrier. In another embodiment, the pharmaceutical 
composition comprises a peptide having the amino acid sequence of SEQ ID NO:44, and a 
pharmaceutical^ acceptable carrier. In a related embodiment, the pharmaceutical 
composition can further comprise a second antibiotic such as penicillin, or multiple 
antibiotics and/or peptides. 

The present invention further provides methods of treating or preventing bacterial infections 
or inflammations comprising administering a pharmaceutical composition of the present 
invention. Such administration can be performed by any number of means including 
topically, by injection, or orally. 

Still another aspect of the present invention provides methods for identifying peptides that 
can inhibit the growth of and/or kill a strain of bacteria. In a particular embodiment the 
peptide kills autolysis prone pneumococci without lysing the cell. In a preferred 
embodiment, the peptide acts together with penicillin (or analogues thereof) in a synergistic 




manner to kill bacterial cells. 



One such method comprises locating an open reading frame in a gene cluster of a prokaryotic 
or fungal DNA which encodes two or more components involved in an His-Asp 
phosphorelay signal transduction system Preferably the gene cluster is next to another gene 
cluster encoding one or more components of an ABC transporter system In another such 
embodiment, an open reading frame is located in a gene cluster of a prokaryotic or fungal 
DNA which encodes two or more components of an ABC transporter system. In the 
Examples below, the DNA is obtained from a bacterial genome. In a particular embodiment 
the gene cluster encodes at least one of the following: a sensor histidine kinase, or a 
response regulator. In a preferred embodiment of this type, the histidine kinase is a 
homologue of the histidine kinase having the amino acid sequence of SEQ ID NO: 14. In 
another embodiment, the response regulator is a homologue of the response regulator having 
the amino acid sequence of SEQ ID NO: 16. In still another embodiment the component of 
the ABC transporter system is a homologue of the component having the amino acid 
sequence of SEQ ID NO:l 8. In a related erribodiment the component of the ABC transporter 
system is a homologue of the component having the amino acid sequence of SEQ ID NO: 20. 
In another erribodiment, the component of the ABC transporter system is a homologue of the 
component having the amino acid sequence of SEQ ID NO:22. 

The method can further comprise making the peptide which is encoded by the open reading 
frame, or a peptide analog thereof, and then testing the peptide for its ability to inhibit the 
growth of or kill the strain of bacteria. In a particular embodiment the peptide kills autolysis 
prone pneumococci without lysing the cell. In a preferred erribodiment, the peptide acts 
together with penicillin (or analogues thereof) in a synergistic manner to kill bacterial cells. 

In one such erribodiment a particular peptide, or analog thereof is identified when it can 
inhibit the growth of and/or kill a bacterial or fungal cell. In another such erribodiment, the 
peptide can kill bacteria without lysis. In a preferred erribodiment, the peptide can act 
synergistically with penicillin to kill cells. 

The peptides of the present invention can be prepared through recombinant means, 
proteolytic digestions, or preferably chemical synthesis. Analogs of the peptides can, for 
example, contain portions of the amino acid sequence encoded by the open reading frame 
alone, or alternatively a portion of the amino acid sequence can be linked together in a fusion 
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peptide/protein. Thus, modification of the peptides of the present invention can also be made 
in order to make the peptide more stable, or more potent etc. Such modifications may 
include the use of unnatural amino acids as described below. 

The method for identifying peptides that can inhibit the growth of and/or kill a strain of 
bacteria can further comprise testing the peptide for its ability to inhibit the growth of and/or 
kill an alternative strain (or species) of a bacterium, including a vancomycin tolerant strain. 
In a particular embodiment, the peptide is identified when it can inhibit the growth of and/or 
kill both strains of the bacterium In one such embodiment, one strain is a wild type strain, 
and the other strain is a corresponding mutant strain. In a preferred embodiment of this type, 
the mutant strain lacks an autolysin or contains a defective autolysin. In one such 
embodiment, the autolysin (e.g. , the missing or defective autolysin) is LytA. In a preferred 
embodiment, the bacterium is a Streptococcus pneumoniae. 

The present invention further provides alternative methods of identifying a peptide that can 
kill a wild type strain of bacterium In a particular embodiment the peptide kills autolysis 
prone pneumococci without lysing the cell. In a preferred embodiment, the peptide acts 
together with penicillin (or analogs thereof) in a synergistic manner to kill bacterial cells. 

One such embodiment comprises locating an open reading frame in a bacterial genome which 
is within three kilobases of another open reading frame which encodes an ABC transporter 
system The peptide encoded by the open reading frame is obtained, (e.g. , made by peptide 
synthesis or through the expression of a recombinant nucleic acid encoding the peptide or 
alternatively isolated from its natural source), and then tested for its ability to inhibit the 
growth of and/or kill a wild type strain of a bacterium The peptide is identified when it can 
inhibit the growth of and/or kill the bacterium 

In a preferred embodiment of this type the open reading frame encoding the peptide is within 
one kilobase of the open reading frame which encodes a component of an ABC transporter 
system In a more preferred embodiment the open reading frame encoding the peptide is 
within 500 bases of the open reading frame which encodes a component of an ABC 
transporter system In an even more preferred embodiment the peptide is co-transcribed with 
a component of the ABC transporter system In a particular embodiment, the component of 
the ABC transporter system is a homologue of the ABC transporter having the amino acid 
sequence of SEQ ID NO: 18. In another embodiment, the component of the ABC transporter 
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system is a homologue of the ABC transporter having the amino acid sequence of SEQ ID 
NO:20. In yet another embodiment, the component of the ABC transporter system is a 
homologue of the ABC transporter having the amino acid sequence of SEQ ID NO:22. 

5 In a related embodiment the open reading frame encoding the peptide is also within three 
kilobases of an open reading frame that encodes a component involved in the His- Asp 
phosphorelay signal transduction system. In one such embodiment the component involved 
in the His-Asp phosphorelay signal transduction system is a sensor histidine kinase. In a 
particular embodiment the sensor histidine kinase is a homologue to the sensor histidine 
10 kinase having the amino acid sequence of SEQ ID NO: 14. In another such embodiment the 
component involved in the His-Asp phosphorelay signal transduction system is a response 
Q regulator. In a particular embodiment, the response regulator is a homologue of the response 

i s I regulator having the amino acid sequence of SEQ ID NO:l 6. 

: j3 15 In a preferred embodiment of this type the open reading frame encoding the peptide is within 

j =y one kilobase of the open reading frame which encodes a component involved in the His-Asp 

iS " phosphorelay signal transduction system In a more preferred embodiment the open reading 

frame encoding the peptide is within 500 bases of the open reading frame which encodes a 
q component involved in the His-Asp phosphorelay signal transduction system. In an 

: '~J_ 2 0 alternative embodiment the peptide is co-transcribed with a component of the His-Asp 

U phosphorelay signal transduction system 

In a particular embodiment the method can further comprise testing the peptide for its ability 
to inhibit the growth of or kill a strain of bacterium that is deficient in an autolysin. In this 

2 5 case the peptide is identified when it can inhibit the growth of or kill both wild type and the 

autolysin deficient strain of bacterium Alternatively, the peptide can be tested for its ability 
kill autolysis prone pneumococci without lysing the cell. In still another embodiment, the 
peptide is tested for acting synergistically with penicillin (or analogues thereof) for k illin g 
bacterial cells. The peptides can be selected for either killing autolysis prone pneumococci 

3 0 without lysing the cell or for acting synergistically with penicillin or an analogue thereof. 

In the methods of the present invention for identifying such peptides candidate peptides can 
be located in the genome of any prokaryotic or fungal cell and preferably a bacterial cell 
including but not limited to Pneumococcus, Methanococcus, Haemophilus, Archaeo globus, 
3 5 Borrelia, Synedrocyptis, Mycobacteria, Staphylococcus, and Enterococcus. 
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The present invention further provides alternative methods of identifying an agent (or drug) 
that is capable of inhibiting the growth of and/or killing bacterial cells. Alternatively, the 
peptide can be tested for its ability kill autolysis prone pneumococci without killing the cell. 
In still another embodiment, the peptide is tested for acting synergistically with penicillin (or 
5 analogues thereof) for killing bacterial cells. One such method includes contacting an agent 
with a bacterial cell that has a defective His-Asp signaling system and then detemtining 
whether the cell stops growing or is killed. An agent (or drug) is identified as being capable 
of killing a bacterial cell if it kills the bacterial cell or inhibits the growth of the cell. In a 
preferred embodiment of this type the bacterial cell is a vancomycin tolerant cell. In another 
1 0 preferred embodiment, the defective His-Asp signaling system of the bacterial cell is not 

inhibited or not killed by a peptide having the amino acid sequence of SEQ ID NO:2. More 
preferably, the cell is both tolerant to vancomycin, and in addition is not killed or not 
inhibited by a peptide having the amino acid sequence of SEQ ID NO:2. 

15 As in the methods described above, the cell can be a prokaryotic or fungal cell but is 
preferably a bacterial cell and is more preferably a pneumococcal cell. 

In a particular embodiment the His-Asp signaling system lacks a functional sensor histidine 
kinase. In a preferred embodiment of this type the sensor histidine kinase has a wild type 

2 0 amino acid sequence of SEQ ID NO: 14 or is a homologue thereof. In another embodiment 

the His-Asp signaling system lacks a functional response regulator. In a preferred 
embodiment of this type the response regulator has a wild type amino acid sequence of SEQ 
ID NO: 16 or is a homologue thereof. In still another embodiment the His-Asp signaling 
system lacks both a functional sensor histidine kinase and a functional response regulator. 

25 

In a related embodiment the present invention includes a method of identifying an agent that 
is capable of killing and/or inhibiting the growth of a bacterial cell. Alternatively, the 
peptide can be tested for its ability to kill autolysis prone pneumococci without lysing the 
cell. In still another embodiment, the peptide is tested for acting synergistically with 

3 0 penicillin (or analogues thereof) for killing bacterial cells. One such method includes 

contacting the agent with a bacterial cell that has a defective ABC transporter system and 
determining whether the cell is inhibited or killed. An agent is identified as being capable of 
inhibiting the growth of a bacterial cell when the growth of the bacterial cell is inhibited. 
Similarly, an agent is identified as being capable of killing a bacterial cell when the bacterial 
3 5 cell is killed. In a particular embodiment of this type, the killing of the cell is monitored at 
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about 620 nm (for the optical density of the cell culture) and an agent is identified as being 
capable of killing a bacterial cell when the optical density at 620 nm of a cell culture is 
decreased in the presence of an agent. In a preferred embodiment the bacterial cell is a 
vancomycin tolerant cell. As above, any bacterial cell can be used in this assay but 
preferably the bacterial cell is a pneumococcal cell 

In one such embodiment the ABC transporter system lacks a functional component that has a 
wild type amino acid sequence of SEQ ID NO: 1 8 or is a homologue thereof. In another such 
embodiment the ABC transporter system lacks a functional component that has a wild type 
amino acid sequence of SEQ ID NO:20 or is a homologue thereof. In still another such 
embodiment the ABC transporter system lacks a functional component that has a wild type 
amino acid sequence of SEQ ID NO:22 or is a homologue thereof. 

The present invention further includes recombinant bacterial cells that lack one or more of 
the functional components (e.g., a sensor histidine kinase, response regulator and/or a 
component of the ABC transporter system) described above. 

In one such embodiment the cell has been altered so as to have a defective His-Asp 
phosphorelay system, and the cell is not killed by a peptide having the amino acid sequence 
of SEQ ID NO:2. Preferably the cell is a bacterial cell. In a particular embodiment the cell is 
not killed by penicillin. In another embodiment, the cell is a vancomycin tolerant cell. The 
bacterial cell can be any bacterial cell including but not limited to Pneumococcus, 
Methanococcus, Haemophilus, Archaeo globus, Borrelia, and Syndedrocyptis. Preferably the 
bacterial cell is a pneumococcal cell. In a particular embodiment the His-Asp phosphorelay 
pathway of the bacterial cell lacks a functional sensor histidine kinase having a wild type 
amino acid sequence of SEQ ID NO: 14. In another such embodiment the His-Asp 
phosphorelay pathway lacks a functional response regulator having a wild type amino acid 
sequence of SEQ ID NO: 16. 

Alternatively the cell has been altered so as to have a defective ABC transporter system, and 
the cell is not killed by a peptide having the amino acid sequence of SEQ ID NO:2. 
Preferably the cell is a bacterial cell. In a particular embodiment the cell is not killed by 
penicillin. In another embodiment the cell is a vancomycin tolerant cell. Again the bacterial 
cell can be any bacterial cell including but not limited to Pneumococcus, Methanococcus, 
Haemophilus, Archaeo globus, Borrelia, and Syndedrocyptis. Preferably the bacterial cell is a 
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pneumococcal cell. In a particular embodiment the ABC transporter system lacks a 
functional component having a wild type amino acid sequence of SEQ ID NO: 18. In another 
embodiment the ABC transporter system lacks a functional component having a wild type 
amino acid sequence of SEQ ID NO:20. In still another embodiment the ABC transporter 
5 system lacks a functional component having a wild type amino acid sequence of SEQ ID 
NO:22. 

The present invention also provides a method of identifying a cell that contains a mutation in 
a histidine kinase gene. One such embodiment comprises preparing a PCR amplification 

1 0 product for a nucleic acid using a primer for the histidine kinase gene and comparing the 
PCR amplification product with a control amplification product prepared using the primer 
and a control nucleic acid encoding the wild type amino acid sequence of the histidine 
kinase. When the comparing indicates a difference, the cell is identified as containing a 
mutation in the histidine kinase gene. In a particular embodiment the nucleic acid is obtained 

1 5 from the pneumococcal cell. Preferably the control nucleic acid encodes the amino acid 
sequence of SEQ ID NO: 14. More preferably the control nucleic acid has the nucleotide 
sequence of SEQ ID NO: 13. In one such embodiment the comparing includes the evaluating 
of the PCR amplification products by single strand conformation polymorphism (SSCP). In 
another such embodiment the comparing is performed by Restriction Fragment Length 

2 0 Polymorphism (RFLP). In one embodiment the cell is a vancomycin tolerant cell. In a 
preferred embodiment the cell is a pneumococcal cell. 

The present invention also provides a method of identifying a cell that contains a mutation in 
a response regulator gene. One such embodiment comprises preparing a PCR amplification 

2 5 product for a nucleic acid using a primer for the response regulator gene and comparing the 

PCR amplification product with a control amplification product prepared using the primer 
and a control nucleic acid encoding the wild type amino acid sequence of the response 
regulator. When the comparing indicates a difference, the cell is identified as containing a 
mutation in the response regulator gene. In a particular embodiment the nucleic acid is 

3 0 obtained from the pneumococcal cell. Preferably the control nucleic acid encodes the amino 

acid sequence of SEQ ID NO: 16. More preferably the control nucleic acid has the nucleotide 
sequence of SEQ ID NO: 15. In one such embodiment the comparing includes the evaluating 
of the PCR amplification products by single strand conformation polymorphism (SSCP). In 
another such embodiment the comparing is performed by Restriction Fragment Length 
3 5 Polymorphism (RFLP). In one embodiment the cell is a vancomycin tolerant cell. In a 
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preferred embodiment the cell is a pneumococcal cell. 

The present invention also provides a method of identifying a cell that contains a mutation in 
a component of a gene for the ABC transporter system. One such embodiment comprises 
preparing a PCR amplification product for a nucleic acid using a primer for the component 
gene and comparing the PCR amplification product with a control amplification product 
prepared using the primer and a control nucleic acid encoding the wild type component 
sequence. When the comparing indicates a difference, the cell is identified as containing a 
mutation in a gene for a component of the ABC transporter system In a particular 
embodiment the nucleic acid is obtained from the pneumococcal cell. Preferably the control 
nucleic acid encodes the amino acid sequence of SEQ ID NO: 18. More preferably the 
control nucleic acid has the nucleotide sequence of SEQ ID NO: 17. Alternatively the control 
nucleic acid encodes the amino acid sequence of SEQ ID NO:20 and more preferably the 
control nucleic acid has the nucleotide sequence of SEQ ID NO: 19. In another embodiment 
the control nucleic acid encodes the amino acid sequence of SEQ ID NO:22 and more 
preferably the control nucleic acid has the nucleotide sequence of SEQ ID or of SEQ ID 
NO:23. In one such embodiment the comparing includes the evaluating of the PCR 
amplification products by single strand conformation polymorphism (SSCP). In another such 
embodiment the comparing is performed by Restriction Fragment Length Polymorphism 
(RFLP). In one embodiment the cell is a vancomycin tolerant cell. In a preferred 
embodiment the cell is a pneumococcal cell. 

In addition, the present invention further includes all of the peptides, agents (or drugs) 
identified by the methods of the present invention. 

Accordingly, it is a principal object of the present invention to provide a novel peptide 
antibiotic. 

It is a further object of the present invention to provide a peptide that acts synergistically 
with antibiotics that are active against bacterial cell walls. 

More particularly it is a further object of the present invention to provide a peptide that acts 
synergistically with penicillin to kill slow growing or non-growing bacterial cells. 

It is a further object of the present invention to provide a method of identifying new peptide 
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antibiotics by inspection of bacterial genomes. 

It is a further object of the present invention to provide methods of testing putative peptide 
antibiotics to identify new agents useful in preventing bacterial proliferation and/or causing 
bacterial cell death or lysis. 

It is a further object of the present invention to provide nucleic acids encoding the peptides of 
the present invention. 

It is a further object of the present invention to provide an antibody specific for a peptide of 
the present invention. 

It is a further object of the present invention to provide a method of producing a peptide of 
the present invention, including by chemical synthesis, and through recombinant technology. 

It is a further object of the present invention to provide a method of designing putative 
peptide antibiotics through altering the amino acid and/or nucleic acid sequences of a peptide 
encoded by an open reading frame that is contained in a gene cluster that encodes at least one 
protein involved in the His-Asp phosphorelay pathway and an ABC transporter. 

It is a further object of the present invention to provide methods of detecting and/or 
identifying penicillin (or related B lactams) or vancomycin tolerant bacterial strains. 

It is a further object of the present invention to provide a method of treating a disease or 
preventing a condition caused by bacteria through administering a pharmaceutical 
composition containing a peptide of the present invention. 

These and other aspects of the present invention will be better appreciated by reference to the 
following drawings and Detailed Description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 shows a linear genetic map of a region of the Streptococcus pneumoniae genome 
having six open reading frames: ORFW1 {vex 7), ORFW2 (vex3), and ORFW3 (yexZ) which 
form an operon classified by homology as an ABC transporter system; RR and HK which 
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form a two-component sensor-regulator system in which RR (vncR) encodes a response 
regulator and HK (vncS) encodes a sensor histidine kinase; and an additional peptide (P) at 
about residue 6500 which has the nucleic acid sequence of SEQ ID NO:l that encodes the 
amino acid sequence of SEQ ID NO:2. 

5 

Figure 2A-2B shows the antibacterial activity of the peptide having the amino acid sequence 
of SEQ ID NO:2 as determined by the change in optical density at 620 ran plotted against 
time (hours), indicative of the growth curve of R6 bacteria in the presence and absence of 0.1 
mM of the peptide having the amino acid sequence of SEQ ID NO:2 (Figure 2A). A bar 
1 0 graph showing cell viability in the absence and presence of the peptide is shown in Figure 

2B. R6 is a wild type pneumococcus which undergoes autolysis in the presence of penicillin. 
The peptide kills the bacteria without substantial cell lysis occurring. 

O Figure 3 shows the change in optical density at 620 nm of bacterial cultures plotted against 

. ^ 15 time (hours) in the absence or presence of the peptide having the amino acid sequence of 

=B SEQ ID NO:2. The addition of the additives were made at time "0" hours. The strain of 

bacteria cultured was the Lyt-4-4 strain of Streptococcus pneumoniae which harbors a 

O mutation leading to the loss of LytA activity. The peptide having the amino acid sequence of 

i3 SEQ ID NO:2 was added as indicated at a concentration of 0. 1 mM. Lyt-4-4 lacks active 

2 0 autolysin LytA and is therefore tolerant to penicillin treatment.. 

Figure 4 shows the titration of the concentration of the peptide having an amino acid 
sequence of SEQ ID NO:2 with the decrease in optical density at 620 nm of R6 bacterial 
cultures. The effect was measured four hours after the addition of the peptide having the 
2 5 amino acid sequence of SEQ ID NO:2. 



Figure 5 shows the ability of the following peptides to inhibit R6 growth. Variants tested are 
indicated by the underlined changes in sequence: 

Peptide 1: MRKEFHNVLS SGQLLADKRPARDYN (SEQ ID NO.2) 
3 0 Peptide 2: MRKEFHNVLS SGQLLADKRPARD AN (SEQ ID NO.6) 

Peptide 3: MRKEFHNVLS AGQLLADKRPARDYN (SEQ ID NO.4) 

Peptide 4: MRKEFHNVLS SGQL (SEQ ID NO. 8) 

Peptides: LADKRPARDYN (SEQ ID NO. 10) 
Peptides (100 |iM final concentration) were added to growing R6 at an OD 620 nm of 0. 1 . 
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Figure 6 A shows Lyt 4-4 in a long chain, at an OD 620 of > 0.8 in the absence of the peptide 
having the amino acid sequence of SEQ ID NO.2. The same strain at an OD 620 of 0.8 is 
shown in Figure 6B with the addition of that peptide to the medium at 0.5 mM concentration, 
which results in the dissolution of the chains. Loss of chain formation is a measure of 
5 antibacterial activity independent of autolysin. 



Figure 7 shows the results of Northern analysis of pneumococcal RNA. A PCR fragment 
was generated by primers flanking the gene for the peptide having the amino acid sequence 
of SEQ ID NO:2 but within the intereenic region between the ABC transporter and the 
t 10 RR/HK:5* AATGAGTCTAGAATAAAGATTGC 3K9 residues downstream of the yrN 
£> termination codon of ORF W2) and 3* CCCATCCATAAATAAGATTCT5^eginning at the 

C at the second residue in the termination codon of the peptide). The PCR fragment was 
labeled with a 32 P[dCTP] and used as a probe for the RNA product of the peptide gene. The 
product indicated by the arrow at -1.4 kB is consistent with co-transcription of genes for ORF 
15 W2andP. 

Figure 8 shows the cell viability (CFU/ml) of bacterial strains A144 and R6 one hour after 
the addition of lOx MIC of penicillin, or lOx MIC of vancomycin, or 0.4 mM of the peptide 
having the amino acid sequence of SEQ ID NO:2, or with no additions. 

20 

Figure 9 shows the effect of 0. 1 mM of the peptide having the amino acid sequence of SEQ 
ID NO:2 on the growth of the clinical isolate A144. 

Figure 10 shows the effect of lOx MIC of penicillin and/or 0.5 mM of the peptide having the 

2 5 amino acid sequence of SEQ ID NO: 2 on the lysis of R6 cells under starvation conditions. 

Figures 1 1 A-l IB show the effects of lOx MIC of penicillin and/or 0.5 mM of the peptide 
having the amino acid sequence of SEQ ID NO:2 on the lysis of clinical isolate F79 cells 
(Fig. 11 A) and HK mutant VanS cells (Fig. 11B). 

30 

Figure 12 shows the comparative analysis of two clinical isolates by single-strand 
conformation polymorphism (SSCP). A wildtype lysis-prone pneumococcus is the control 
(lanes 1-5) whereas results from the tolerant isolate, F79, is shown in lanes 6-10. 

3 5 Figure 13 shows the organization of the gene locus encoding the putative ABC transporter 
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Vex, (which contains the gene products of vexl, vex2, and vex 3) the gene encoding peptide 
P27, (p28, which contains 28 codons including the 27 amino acids of P27 and a stop codon), 
and the two-component regulatory system VncR (or RR, see Figure 1) and VncS (or HK see 
Figure 1). Putative promoters of the ABC transporter Vex (indicated by Pvexl, and Pvex3) 
5 are at positions -26 and 1930. 

Figure 14 shows the immunoblot analysis of P27 using polyclonal anti-P27 antibodies 
(1 : 1000). P27 was detected at 3-kDA in the cytoplasm and the supernatant of R6. P27 was 
non-detectable in the supernatant of the loss of function mutant vexl. No reactive species 
1 0 was detected in the loss of function mutant vex3. 

q Figures 15A-15C show the effect of the synthetic peptide homolog P27 on induced growth 

inhibition. Figure 15A shows the decrease in optical density at 620 nm over time (up to 6 
g hours) when O.lmM synthetic peptide, P27, is added the Parental strain, R6 (□), loss of 

m 1 5 function mutant vncS (0), mutant vncR (O) or mutant vexl (a). Cultures were in the early 
ffl exponential phase of growth (10 6 cfu/ml) when treated with the synthetic peptide, P27. 

J" Figure 15B is a block diagram showing the viability counts (after one hour) of parent strain 

O R6, and loss of function mutants vncS, vncR, vexl, vex3, following the addition of 0. 1 mM 

•=i P27. R6 without the peptide is the positive control. Figure 1 5C is a block diagram showing 

WH 2 0 the dose dependent effect of P27 on the growth of R6. Experimental conditions are the same 

: 3""; 

; £j as in Figure 15 A. 

Figure 16 shows the effect of variants of the P27 peptide on the growth of R6. Cultures in 
the early exponential phase (10 6 cfu/ml) were treated with 0.1 mM P27 (*), 14-mer 

2 5 C-terminal peptide (□), 14-mer N-terminal peptide (a), a truncate lacking the 5C-terminal 

amino acids (O) or an alternative peptide (0). 

Figure 17 shows the effect of the synthetic peptide homolog P27 on the growth of the 
autolysin deficient strain Lyt-4-4 (O). The Parent strain, R6, is the control (a). 

30 

Figures 18A-18C show the effect of the loss of function of vex3 and vncS on the bactericidal 
activity of vancomycin. Figure 1 8 A shows the results of cultures in the early exponential 
phase of growth (10 7 cfu/ml) that were treated with lOx MIC of vancomycin (5|ig/ml). 
Bacterial viability was followed for six hours. ( Parent strain, R6 (□), vex3 mutant (O), and 

3 5 vncS mutant (0)). Figure 1 8 depicts a Western blot of autolysin preparations of parent strain 
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R6, and the loss of the function mutants vncS, vncR, vex3, and vexL A polyclonal anti- 
autolysin antibody (1 : 1000) was used. Figure 18C depicts the results of the functional assay 
of autolysin activity. Autolysin preparations of R6 (□), and the loss of the function mutants 
vex3 (O) and vncS (O) were added to cultures of the autolysis defective strain Lyt-4-4 at an 
5 optical density at 620 nm of 0.3. Lyt-4-4 serves as the negative control (a) . Lysis was 
followed after the addition of 10 x MIC of penicillin (0. 1 |ig/ml) at an OD 620nm of 0.25. 

Figure 19 shows the inhibition of protein synthesis of R6 (0) by leucine deprivation which 
stops cell growth. The effect of the addition of lOx MIC of (0. 1 |Lig/ml) penicillin (O), 0. 1 
10 mM peptide P27 (□) and a combination of penicillin and P27 (a) to the leucine deprived R6 
cells was monitored at 620 nm over six hours. 



The present invention provides a method of identifying novel naturally occurring antibiotic 
peptides found encoded in prokaryotic DNA, preferably bacterial genomic DNA, in regions 
encoding proteins involved in His-Asp phosphorelay pathways and ABC transporters. The 
present invention further discloses facile methods of testing such antibiotic peptides for 
2 0 potency and effectiveness. In addition, the present invention provides a new class of 

antibiotic, le. t peptides that act independently of known autolysins. Furthermore, the present 
invention provides antibiotics that act synergistically with penicillin (or analogues thereof) to 
kill bacterial cells. Such peptides and combinations of peptides and other antibiotics can be 
used to treat bacterial infections and inflammations. Additionally, the present invention 

2 5 provides antibiotics that can kill but not lyse autolysis prone pneumococci. 

The present invention further provides methods of making, purifying, characterizing, and 
testing the novel antibiotic peptides of the present invention. Included in the present 
invention are analogs of the peptides that contain alternative naturally occurring amino acids, 

3 0 and/or unnatural amino acids. Such analogs can be readily tested by known methodology, 

including by methods disclosed herein. Modifications envisioned by the present invention 
include proteolytic cleavage of the peptides, or through the use of genetic engineering 
including site-directed mutagenesis. The peptides are preferably prepared by chemical 
synthesis, e.g., by solid phase peptide synthesis. Alternatively, the peptides can be made 
3 5 using recombinant DNA technology. 



DETAILED DESCRIPTION OF THE INVENTION 
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The present invention also provides pharmaceutical compositions containing the peptides 
either alone or in conjunction with other antibiotics (such as penicillin) as well as therapeutic 
methods of using the peptide antibiotics of the present invention, including in the treatment 
and prevention of bacterial infections and inflammations. The peptides of the present 
invention can also be employed as a preservative or as part of a composition used as a 
preservative. 

In addition, the peptides of the present invention can be used as a laboratory tool, such as in 
conjunction with one or more bacterial drug selection markers, since specific bacterial strains 
(or species) are either resistant or susceptible to the peptide. For example, the peptide having 
the amino acid sequence of SEQ ID NO:2 or SEQ ID NO:44 can kill Lyt A deficient cells, 
and can kill some but not all clinical vancomycin tolerant strains. This particular peptide 
also can be used in conjunction with penicillin in related screening techniques, since 
penicillin only arrests cell growth in the absence of LytA, whereas the peptide kills the cells. 
Analogously, this particular peptide can be used in conjunction with penicillin to kill 
penicillin tolerant cells. 

The present invention further provides methods for testing potential agents or drugs, 
preferably putative antibiotics (either peptides or non-peptides) to identity agents or drugs 
which are useful in preventing bacterial proliferation or kill bacterial cells. 

In addition the present invention provides bacterial cells that contain a defective His-Asp 
phosphorelay pathway and/or a defective ABC transporter system that contains a 
"non- functional" component. Such strains can be used for screening for potential antibiotics 
using commercial chemical drug libraries, combinatorial chemistry and/or phage libraries. 
Furthermore, these strains can be used to determine the relative efficacy of both novel and 
known antibiotics. For example, such strains can be used to help identify antibiotics which 
are effective against vancomycin and/or penicillin tolerant bacteria. Useful candidate 
antibiotics are identified which have the ability to inhibit the growth, and/or kill, and/or lyse 
one or more of these strains. In addition, or alternatively, useful candidate antibiotics can be 
identified that kill bacteria synergistically with penicillin (or analogues thereof) or kill 
autolysis prone pneumococci without lysing the cell,. 

The present invention further provides methods of geographically tracking the spread of 
tolerant and/or resistant bacterial strains. One such method is performed by Single Stranded 
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Conformational Polymorphism (SSCP) analysis in which changes in the sequences of a 
component in the ABC transporter system and/or the His- Asp phosphorelay pathway (e.g. the 
sensor histidine kinase or the response regulator) are monitored. When similar changes are 
detected in a set of clinical isolates, it can be presumed that the clinical isolates are derived 
5 from a common source. Therefore, the present invention also provides important 
epidemiological tools. 



In addition, the present invent uses Streptococcus pneumoniae as a model, and demonstrates 
that the two component system VncR/S regulates the activity of different autolytic pathways, 
10 including the major autolysin LytA. VncR/S is also shown to control transcription of the 
signal peptide P27, which is able to induce cell death independently of the major 
pneumococcal autolysin LytA. Therefore, the present invention identifies a novel 
mechanism for the general induction of murein hydrolases via a newly identified signal 
peptide of the present invention. 
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Therefore, if appearing herein, the following terms shall have the definitions set out below. 



As used herein the term "peptide" is used in its broadest sense to refer to a compound of two 
or more subunit amino acids, amino acid analogs, or peptidomimetics. No upper limit for the 
2 0 number of amino acids in a peptide of the present invention is either expressed or implied. 
The subunits may be linked by peptide bonds. In another embodiment, the subunit may be 
linked by other bonds, e.g., ester, ether, etc. Peptides can be in any structural configuration 
including linear, branched or cyclic configurations. As used herein the term "amino acids" 
refers to either natural and/or unnatural or synthetic amino acids, including glycine and both 

2 5 the D or L optical isomers, and amino acid analogs and peptidomimetics. 

As used herein the term "autolysin" is used to define a bacterial enzyme which breaks a bond 
in a bacterial wall. This bond breaking can lead to the dissolution of the integrity of the 
exoskeleton and lead to the osmotic lysis of the bacterial cell. 

30 

As used herein the term "histidyl-aspartyl phosphorelay pathway" is used interchangeably 
with the terms "histidyl-aspartyl phosphorelay signal transduction system" and "histidyl- 
aspartyl phosphorelay system" and the terms "His-Asp phosphorelay signal transduction 
system", "His-Asp phosphorelay pathway", and "His-Asp phosphorelay system" and "His- 

3 5 Asp signaling system" and any variants not specifically listed, may be used interchangeably, 
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and as used throughout the present Application refer to a signal transduction system that is 
prevalent in prokaryotic cells. Two key components in the His-Asp phosphorelay signal 
transduction system are: (1) a sensor histidine kinase "HK", which is generally a 
transmembrane protein; and (2) a response regulator, "RR" which mediates changes in gene 
5 expression and/or cellular locomotion. As disclosed herein one such HK/RR two component 
system of the present invention is VncS-VncR. 

As used herein a cell having a "defective His-Asp phosphorelay pathway" is a mutated cell 
which in its wild type form contains a functional His-Asp phosphorelay pathway, but in its 
1 0 mutated form is lacking at least one functional component of this His-Asp phosphorelay 
pathway, e.g. it contains a non-functional component or is missing the component entirely. 
Preferably, the cell is a bacterial cell. In a preferred embodiment, the His-Asp phosphorelay 
pathway of the wild type cell has a sensor histidine kinase having an amino acid sequence of 
SEQ ID NO: 14 and a response regulator having an amino acid sequence of SEQ ID NO: 16. 



As used herein a "non-functional' 1 sensor histidine kinase fails to activate its cognate 
response regulator. 

As used herein a "non-functional" response regulator fails to activate or repress gene 
2 0 transcription in response to ligand binding by its cognate sensor histidine kinase. 

As used herein a cell having a "defective ABC transporter system" is a mutated cell which in 
its wild type form contains a functional ABC transport system, but in its mutated form is 
lacking at least one functional component of the ABC transport system, e.g., it contains a 

2 5 non-functional component or is missing the component entirely. In Example 12, the ABC 

transport system contains three components encoded by vexl, vex2, and vex3. Additions, 
deletions, substitutions and the like to the nucleotide sequence of a component of the ABC 
transporter system can make the component non-functional. 

3 0 As used herein the term "gene cluster" refers to two or more genes encoding proteins that are 

involved in a specific pathway and are positioned in a fungal or prokaryotic DNA (e.g. , a 
bacterial genome) in close proximity to each other (e.g. , next to each other). An example of a 
gene cluster is provided in Figure 1 , where a gene cluster encoding an ABC transporter 
system is next to a gene cluster encoding a sensor histidine kinase, and a response regulator. 
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As used herein a cell that is "autolysin deficient" either lacks the autolysin LytA or contains a 
functionally inactive autolysin. 



A peptide of the present invention can be identified in prokaryotic DNA, preferably a 
bacterial genome, in regions encoding proteins involved in an His- Asp phosphorelay pathway 
or a related pathway and an ABC transporter system. Once such a peptide is identified (e.g., 
the peptide having the amino acid sequence of SEQ ID NO:2 or SEQ ID NO:44 as described 
in the Examples below) the peptide can be obtained and tested in standard bacterial drug 
assays, as disclosed herein. Alternative peptides (e.g. the peptide having the amino acid 
sequence of SEQ ID NO:4 described in the Examples below) can be made by altering the 
amino acid sequence of the naturally occurring peptide by making substitutions, additions or 
deletions that provide for functionally equivalent or functionally superior molecules. 
Preferably, such derivatives are made that have an enhanced or increased effect on killing 
bacteria and/or inhibiting bacterial growth. For example, a preferred peptide of the present 
invention may show equivalent cell killing at an order of magnitude lower concentration than 
the naturally occurring peptide. 

Likewise, peptide or protein derivatives and analogs of the invention include, but are not 
limited to, those containing, as a primary amino acid sequence, all or part of the amino acid 
sequence of the peptide or protein including altered sequences in which functionally 
equivalent amino acid residues are substituted for residues within the sequence resulting in a 
conservative amino acid substitution. Such substitutions are defined as a conservative 
substitution. 

For example, one or more amino acid residues within the sequence can be substituted by 
another amino acid of a similar polarity, which acts as a functional equivalent, resulting in a 
silent alteration. Substitutes for an amino acid within the sequence may be selected from 
other members of the class to which the amino acid belongs. For example, the nonpolar 
(hydrophobic) amino acids include alanine, leucine, isoleucine, valine, proline, 
phenylalanine, tryptophan and methionine. Amino acids containing aromatic ring structures 
are phenylalanine, tryptophan, and tyrosine. The polar neutral amino acids include glycine, 
serine, threonine, cysteine, tyrosine, asparagine, and glutarrdne. The positively charged 
(basic) amino acids include arginine, lysine and histidine. The negatively charged (acidic) 
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amino acids include aspartic acid and glutamic acid. Such alterations will not be expected to 
significantly affect apparent molecular weight as determined by polyacrylamide gel 
electrophoresis, or isoelectric point. 



10 



Particularly preferred conservative substitutions are: 

- Lys for Arg and vice versa such that a positive charge may be maintained; 

- Glu for Asp and vice versa such that a negative charge may be maintained; 

- Ser for Thr such that a free -OH can be maintained; and 

- Gin for Asn such that a free NH 2 can be maintained. 

Non-conservative amino acid substitutions may also be introduced to substitute an amino 
acid with a particularly preferable property. For example, a Cys may be introduced at a 
potential site for disulfide bridges with another Cys. Pro may be introduced because of its 
particularly planar structure, which induces P -turns in the structure of the peptide. 
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In addition all of the peptides or proteins of the present invention can be placed in a fusion or 
^ chimeric peptide or protein, e riab el cd ng^s to have an N-terrrdnal FLAG-tag. In a particular 
O embodiment a peptide can be modified to contain a marker protein such as green fluorescent 

q protein as described in U.S. Patent No. 5,625,048 filed April 29, 1997 and WO 97/26333, 

j JJ 2 0 published July 24, 1997 each of which are hereby incorporated by reference herein in their 

\Q entireties. 

The peptides of the present invention can be chemically synthesized. Synthetic peptides can 
be prepared using the well known techniques of solid phase, liquid phase, or peptide 

2 5 condensation techniques, or any combination thereof, and can include natural and/or 

unnatural amino acids. Amino acids used for peptide synthesis may be standard Boc (N a - 
amino protected N a -t-butyloxycarbonyl) amino acid resin with the standard deprotecting, 
neutralization, coupling and wash protocols of the original solid phase procedure of 
Merrifield [/. Am. Chem. Soc, 85:2149-2154 (1963)], or the base-labile N a -amino protected 

3 0 9-fluorenylmethoxycarbonyl (Fmoc) amino acids first described by Carpino and Han [/. Org. 

Chem., 37:3403-3409 (1972)]. Both Fmoc and Boc N a -amino protected amino acids can be 
obtained fromFluka, Bachem, Advanced Chemtech, Sigma, Cambridge Research 
Biochemical, Bachem, or Peninsula Labs or other chemical companies familiar to those who 
practice this art. In addition, the method of the invention can be used with other N a - 
3 5 protecting groups that are familiar to those skilled in this art. Solid phase peptide synthesis 
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may be accomplished by techniques familiar to those in the art and provided, for example, in 
Stewart and Young, [Solid Phase Synthesis, Second Edition, Pierce Chemical Co., Rockford, 
IL (1984)] or Fields and Noble, [Int. J. Pept. Protein Res., 35:161-214 (1990)], or using 
automated synthesizers, such as sold by ABS. Thus, peptides of the invention may comprise 
5 D-arrdno acids, a combination of D- and L-arrdno acids, and various "designer" amino acids 
(e.g., P-methyl amino acids; C a -methyl amino acids; and N a -methyl amino acids; etc.) to 
convey special properties. Synthetic amino acids include ornithine for lysine, 
fluorophenylalanine for phenylalanine, and norleucine for leucine or isoleucine. 
Additionally, by assigning specific amino acids at specific coupling steps, a -helices, P turns, 
10 P sheets, a -turns, and cyclic peptides can be generated. 



In one aspect of the invention, the peptides may comprise a special amino acid at the 
C-terminus which incorporates either a C0 2 H or CONH 2 side chain to simulate a free glycine 
or a glycine-amide group. Another way to consider this special residue would be as a D or L 
1 5 amino acid analog with a side chain consisting of the linker or bond to the bead. In one 
embodiment, the pseudo-free C-terminal residue may be of the D or the L optical 
configuration; in another embodiment, a racemic mixture of D and L-isomers may be used. 

In an additional embodiment, pyroglutamate may be included as the N-terminal residue of 
2 0 the peptide. Although pyroglutamate is not amenable to sequence by Edman degradation, by 
limiting substitution to only 50% of the peptides on a given bead with N-terminal 
pyroglutamate, there will remain enough non-pyroglutamate peptide on the bead for 
sequencing. One of ordinary skill would readily recognize that this technique could be used 
for sequencing of any peptide that incorporates a residue resistant to Edman degradation at 

2 5 the N-terminus. Other methods to characterize individual peptides that demonstrate desired 

activity are described in detail infra. Specific activity of a peptide that comprises a blocked 
N-terminal group, e.g., pyroglutamate, when the particular N-terminal group is present in 
50% of the peptides, would readily be demonstrated by comparing activity of a completely 
(100%) blocked peptide with a non-blocked (0%) peptide. 

30 

In a further embodiment, subunits of peptides that confer useful chemical and structural 
properties will be chosen. For example, peptides comprising D-amino acids will be resistant 
to L-arrdno acid-specific proteases in vivo. In addition, the present invention envisions 
preparing peptides that have more well defined structural properties, and the use of 

3 5 peptidomimetics, and peptidomimetic bonds, such as ester bonds, to prepare peptides with 
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novel properties. In another embodiment, a peptide may be generated that incorporates a 
reduced peptide bond, i.e., R^CHj-NH-^, where R x and R 2 are amino acid residues or 
sequences. A reduced peptide bond may be introduced as a dipeptide subunit. Such a 
molecule would be resistant to peptide bond hydrolysis, e.g. , protease activity. Such 
5 peptides would provide ligands with unique function and activity, such as extended half-lives 
in vivo due to resistance to metabolic breakdown, or protease activity. Furthermore, it is well 
known that in certain systems constrained peptides show enhanced functional activity 
[Hruby, Life Sciences, 31:189-199 (1982); Hruby et al, Biochem J., 268:249-262 (1990)]; 
the present invention provides a method to produce a constrained peptide that incorporates 
1 0 random sequences at all other positions. 

O Constrained and cyclic peptides: A constrained, cyclic or rigidized peptide may be prepared 

^ synthetically, provided that in at least two positions in the sequence of the peptide an amino 

Q acid or amino acid analog is inserted that provides a chemical functional group capable of 

15 crosslinking to constrain, cyclise or rigidize the peptide after treatment to form the crosslink. 

?S Cyclization will be favored when a turn-inducing amino acid is incorporated. Examples of 

J~ amino acids capable of crosslinking a peptide are cysteine to form disulfides, aspartic acid to 

G form a lactone or a lactam, and a chelator such as ce-carboxyl-glutamic acid (Gla) (Bachem) 

q to chelate a transition metal and form a cross-link. Protected a-carboxyl glutamic acid may 

2 0 be prepared by modifying the synthesis described by Zee-Cheng and Olson [Biophys. 

=2 Biochem. Res. Commun., 94: 1 128-1 132 (1980)]. A peptide in which the peptide sequence 

comprises at least two amino acids capable of crosslinking may be treated, e.g., by oxidation 
of cysteine residues to form a disulfide or addition of a metal ion to form a chelate, so as to 
crosslink the peptide and form a constrained, cyclic or rigidized peptide. 

25 

The present invention provides strategies to systematically prepare cross-links. For example, 
if four cysteine residues are incorporated in the peptide sequence, different protecting groups 
may be used [Hiskey, in The Peptides: Analysis, Synthesis, Biology, Vol. 3, Gross and 
Meienhofer, eds., Academic Press: New York, pp. 137-167 (1981); Ponsanti et al., 

3 0 Tetrahedron, 46:8255-8266 (1990)]. The first pair of cysteines may be deprotected and 

oxidized, then the second set may be deprotected and oxidized. In this way a defined set of 
disulfide cross-links may be formed. Alternatively, a pair of cysteines and a pair of chelating 
amino acid analogs may be incorporated so that the cross-links are of a different chemical 
nature. 
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Non-classical amino acids that induce conformational constraints: The following non- 
classical amino acids may be incorporated in the peptide in order to introduce particular 
conformational motifs: l,2,3,4-tetrahydroisoquinoline-3-carboxylate [Kazmierski et ah, J. 
Am. Chem. Soc, 113:2275-2283 (1991)]; (2S,3S)-methyl-phenylalanine, (2S,3R)-methyl- 
phenylalanine, (2R,3S)-methyl-phenylalanine and (2R,3R)-irathyl-phenylalanine 
(Kazmierski and Hruby, Tetrahedron Lett., (1991)]; 2-aminotetrahydronaphthalene-2- 
carboxylic acid [Landis, Ph.D. Thesis, University of Arizona (1989)]; 
hydroxy- 1,2 ,3, 4-tetrahydroisoquinoline-3-carboxylate [Miyake et al, J. TakedaRes. Labs., 
43:53-76 (1989)]; P-carboline (D and L) [Kazmierski, Ph.D. Thesis, University of Arizona 

(1988) ]; HIC (histidine isoquinoline carboxylic acid) [Zechel et al, Int. J. Pep. Protein Res., 
43 (1991)]; and HIC (histidine cyclic urea) (Dharanipragada). 

The following amino acid analogs and peptidomimetics may be incorporated into a peptide to 
induce or favor specific secondary structures: LL-Acp 

(LL-3-amino-2-propenidone-6-carboxylic acid), a P-turn inducing dipeptide analog [Kemp et 
al, J. Org. Chem., 50:5834- 5838 (1985)]; P-sheet inducing analogs [Kemp et al, 
Tetrahedron Lett., 29:5081-5082 (1988)]; P-turn inducing analogs [Kemp et al, Tetrahedron 
Lett., 29:5057-5060 (1988)]; a -helix inducing analogs [Kemp et al, Tetrahedron Lett., 
29:4935-4938 (1988)]; a-turn inducing analogs [Kemp et al, J. Org. Chem., 54:109:115 

(1989) ]; and analogs provided by the following references: Nagai and Sato, Tetrahedron 
Lett., 26:647-650 (1985); DiMaio et al, J. Chem. Soc. Perkin Trans., p. 1687 (1989); also a 
Gly-Ala turn analog [Kahn et al, Tetrahedron Lett, 30:2317 (1989)]; amide bond isostere 
[Jones et al, Tetrahedron Lett., 29:3853-3856 (1988)]; tretrazol [Zabrocki et al, J. Am. 
Chem. Soc, 110:5875-5880 (1988)]; DTC [Samanene* al, Int. J. Protein Pep. Res., 
35:501:509 (1990)]; and analogs taught in Olson et al, J. Am. Chem. Sci., 112:323-333 

(1990) and Garvey et al, J. Org. Chem, 56:436 (1990). Conformational^ restricted 
nimetics of beta turns and beta bulges, and peptides containing them, are described in U.S. 
Patent No. 5,440,013, issued August 8, 1995 to Kahn. 

Derivatized and modified peptides: The present invention further provides for modification 
or derivatization of a peptide of the invention. Modifications of peptides are well known to 
one of ordinary skill, and include phosphorylation, carboxymethylation, and acylation. 
Modifications may be effected by chemical or enzymatic means. 
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In another aspect, glycosylated or fatty acylated peptide derivatives may be prepared. 
Preparation of glycosylated or fatty acylated peptides is well known in the art as exemplified 
by the following references: 



5 1. Garg and Jeanloz, 1985, in Advances in Carbohydrate Chemistry and Biochemistry, 
Vol. 43, Academic Press. 

2. Kunz, 1987, in Ang. Chem Int. Ed. English 26:294-308. 

3. Horvat et al, 1988, Int. J. Pept. Protein Res. 31:499-507. 

4. Bardaji et al, 1990, Ang. Chem Int. Ed. English, 23:231. 

10 5. Toth et al , 1990, in Peptides: Chemistry, Structure and Biology, Rivier and Marshal, 
eds., ESCOM Publ., Leiden, pp. 1078-1079. 

6. Torres et al , 1989, Experientia 45:574-576. 

7. Torres et al, 1989, EMBO J. 8:2925-2932. 

8. Hordever and Musiol, 1990, in Peptides: Chemistry, Structure and Biology, loc. cit. , 
15 pp. 811-812. 

9. Zee-Cheng and Olson, 1989, Biochem Biophys. Res. Commun. 94:1128-1132. 

10. Marki et al, 1917, Helv. Chem Acta., 60:807. 

11. Fuju et al 1987, J. Chem Soc. Chem Commun., pp. 163-164. 

12. Ponsati et al, 1990, Peptides 1990, Giralt and Andreu, eds.,ESCOM Publ., pp. 238- 
2 0 240. 

13. Fuji et al, 1987, 1988, Peptides: Chemistry and Biology, Marshall, ed., ESCOM 
Publ., Leiden, pp. 217-219. 



There are two major classes of peptide-carbohydrate linkages. First, ether bonds join the 

2 5 serine or threonine hydroxyl to a hydroxyl of the sugar. Second, amide bonds join glutamate 

or aspartate carboxyl groups to an amino group on the sugar. In particular, references 1 and 
2, supra, teach methods of preparing peptide-carbohydrate ethers and amides. Acetal and 
ketal bonds may also bind carbohydrate to peptide. 

3 0 Fatty acyl peptide derivatives may also be prepared. For example, and not by way of 

limitation, a free amino group (N-terminal or lysyl) may be acylated, e.g., myristoylated. In 
another embodiment an amino acid comprising an aliphatic side chain of the structure 
-(CH2) n CH 3 may be incorporated in the peptide. This and other peptide-fatty acid conjugates 
suitable for use in the present invention are disclosed in U.K. Patent GB-8809162.4, 
3 5 International Patent Application PCT/AU89/00166, and reference 5, supra. 

up 
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In accordance with the present invention there may be employed conventional molecular 
biology, microbiology, and recombinant DNA techniques within the skill of the art. Such 
techniques are explained fully in the literature. See, e.g. , Sambrook, Fritsch & Maniatis, 
Molecular Cloning: A Laboratory Manual, Second Edition (1989) Cold Spring Harbor 
Laboratory Press, Cold Spring Harbor, New York (herein "Sambrook et ai, 1989"); DNA 
Cloning: A Practical Approach, Volumes I and II (D.N. Glover ed. 1985); Oligonucleotide 
Synthesis (M.J. Gait ed. 1984); Nucleic Acid Hybridization [B.D. Hames & SJ. Higgins eds. 

(1985) ]; Transcription And Translation [B.D. Hames & S.J. Higgins, eds. (1984)]; Animal 
Cell Culture [R.I. Freshney, ed. (1986)]; Immobilized Cells And Enzymes [IRL Press, 

(1986) ]; B. Perbal, A Practical Guide To Molecular Cloning (1984); F.M. Ausubel et al 
(eds.), Current Protocols in Molecular Biology, John Wiley & Sons, Inc. (1994). 

Therefore, if appearing herein, the following terms shall have the definitions set out below. 

As used herein, the term "gene" refers to an assembly of nucleotides that encode a 
polypeptide, or peptide and includes cDNA and genomic DNA nucleic acids. 

A "vector" is a replicon, such as plasmid, phage or cosmid, to which another DNA segment 
may be attached so as to bring about the replication of the attached segment. A "replicon" is 
any genetic element (e.g., plasmid, chromosome, virus) that functions as an autonomous unit 
of DNA replication in vivo, i.e., capable of replication under its own control. 

A "cassette" refers to a segment of DNA that can be inserted into a vector at specific 
restriction sites. The segment of DNA encodes a polypeptide or peptide of interest, and the 
cassette and restriction sites are designed to ensure insertion of the cassette in the proper 
reading frame for transcription and translation. 

A cell has been "transfected" by exogenous or heterologous DNA when such DNA has been 
introduced inside the cell. A cell has been "transformed" by exogenous or heterologous 
DNA when the transfected DNA effects a phenotypic change. Preferably, the transforming 
DNA should be integrated (covalently linked) into chromosomal DNA making up the 
genome of the cell. 
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"Heterologous" DNA refers to DNA not naturally located in the cell, or in a chromosomal 
site of the cell. Preferably, the heterologous DNA includes a gene foreign to the cell. 

A "heterologous nucleotide sequence" as used herein is a nucleotide sequence that is added 
to a nucleotide sequence of the present invention by recombinant methods to form a nucleic 
acid which is not naturally formed in nature. Such nucleic acids can encode chimeric and/or 
fusion peptides/proteins. Thus the heterologous nucleotide sequence can encode peptides 
and/or proteins which contain regulatory and/or structural properties. In another such 
embodiment the heterologous nucleotide can encode a protein or peptide that functions as a 
means of detecting the protein or peptide encoded by the nucleotide sequence of the present 
invention after the recombinant nucleic acid is expressed. In still another such embodiment 
the heterologous nucleotide can function as a means of detecting a nucleotide sequence of 
the present invention. A heterologous nucleotide sequence can comprise non-coding 
sequences including restriction sites, regulatory sites, promoters and the like. 

A "nucleic acid molecule" refers to the phosphate ester polymeric form of ribonucleosides 
(adenosine, guanosine, uridine or cytidine; "RNA molecules") or deoxyribonucleosides 
(deoxyadenosine, deoxyguanosine, deoxythymidine, or deoxycytidine; "DNA molecules"), or 
any phosphoester analogs thereof, such as phosphorothioates and thioesters, in either single 
stranded form, or a double-stranded helix. Double stranded DNA-DNA, DNA-RNA and 
RNA-RNA helices are possible. The term nucleic acid molecule, and in particular DNA or 
RNA molecule, refers only to the primary and secondary structure of the molecule, and does 
not limit it to any particular tertiary forms. Thus, this term includes double- stranded DNA 
found, inter alia, in linear or circular DNA molecules (e.g., restriction fragments), plasmids, 
and chromosomes. In discussing the structure of particular double-stranded DNA molecules, 
sequences may be described herein according to the normal convention of giving only the 
sequence in the 5* to 3' direction along the non-transcribed strand of DNA (i.e., the strand 
having a sequence homologous to the mRNA). However, unless specifically stated 
otherwise, a designation of a nucleic acid includes both the non-transcribed strand referred to 
above, and its corresponding complementary strand. A "recombinant DNA molecule" is a 
DNA molecule that has undergone a molecular biological manipulation. 

A nucleic acid molecule is "hybridizable" to another nucleic acid molecule, such as a cDNA, 
genomic DNA, or RNA, when a single stranded form of the nucleic acid molecule can anneal 
to the other nucleic acid molecule under the appropriate conditions of temperature and 
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solution ionic strength (see Sambrook et al , supra). The conditions of temperature and ionic 
strength determine the "stringency" of the hybridization. For preliminary screening for 
homologous nucleic acids, low stringency hybridization conditions, corresponding to a T m of 
55°, can be used, e.g., 5x SSC, 0.1% SDS, 0.25% milk, and no formamide; or 30% 
formamide, 5x SSC, 0.5% SDS). Moderate stringency hybridization conditions correspond 
to a higher T m , e.g., 40% formamide, with 5x or 6x SCC. High stringency hybridization 
conditions correspond to the highest T m , e.g. , 50% formamide, 5x or 6x SCC. Hybridization 
requires that the two nucleic acids contain complementary sequences, although depending on 
the stringency of the hybridization, mismatches between bases are possible. The appropriate 
stringency for hybridizing nucleic acids depends on the length of the nucleic acids and the 
degree of complementation, variables well known in the art. The greater the degree of 
similarity or homology between two nucleotide sequences, the greater the value of T m for 
hybrids of nucleic acids having those sequences. The relative stability (corresponding to 
higher T„) of nucleic acid hybridizations decreases in the following order: RNA:RNA, 
DNA:RNA, DNA:DNA. For hybrids of greater than 100 nucleotides in length, equations for 
calculating T m have been derived (see Sambrook et al, supra, 9.50-10.51). For hybridization 
with shorter nucleic acids, i.e., oligonucleotides, the position of mismatches becomes more 
important, and the length of the oligonucleotide determines its specificity (see Sambrook et 
al, supra, 11.7-11.8). Preferably a minimum length for a hybridizable nucleic acid is at least 
about 12 nucleotides; preferably at least about 18 nucleotides; and more preferably the length 
is at least about 24 nucleotides; and most preferably 36 nucleotides. 

In a specific embodiment, the term "standard hybridization conditions" refers to a T m of 
55°C, and utilizes conditions as set forth above. In a preferred embodiment, the T m is 60°C; 
in a more preferred embodiment, the T m is 65 °C. 

"Homologous recombination" refers to the insertion of a foreign DNA sequence of a vector 
in a chromosome. Preferably, the vector targets a specific chromosomal site for homologous 
recombination. For specific homologous recombination, the vector will contain sufficiently 
long regions of homology to sequences of the chromosome to allow complementary binding 
and incorporation of the vector into the chromosome. Longer regions of homology, and 
greater degrees of sequence similarity, may increase the efficiency of homologous 
recombination. 

A DNA "coding sequence" is a double-stranded DNA sequence which is transcribed and 
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translated into a polypeptide in a cell m vi/ra or in vivo when placed under the control of 
appropriate regulatory sequences. The boundaries of the coding sequence are determined by 
a start codon at the 5' (amino) terminus and a translation stop codon at the 3' (carboxyl) 
terminus. A coding sequence can include, but is not limited to, prokaryotic sequences, 
cDNA from eukaryotic mRNA, genomic DN A sequences from eukaryotic (e. g. , mammalian) 
DNA, and even synthetic DNA sequences. If the coding sequence is intended for expression 
in a eukaryotic cell, a polyadenylation signal and transcription termination sequence will 
usually be located 3' to the coding sequence. 

Transcriptional and translational control sequences are DNA regulatory sequences, such as 
promoters, enhancers, terminators, and the like, that provide for the expression of a coding 
sequence in a host cell. In eukaryotic cells, polyadenylation signals are control sequences. 

A "promoter sequence" is a DNA regulatory region capable of binding RNA polymerase in a 
cell and initiating transcription of a downstream (3' direction) coding sequence. For purposes 
of defining the present invention, the promoter sequence is bounded at its 3 'terminus by the 
transcription initiation site and extends upstream (5' direction) to include the minimum 
number of bases or elements necessary to initiate transcription at levels detectable above 
background. Within the promoter sequence will be found a transcription initiation site 
(conveniently defined for example, by mapping with nuclease SI), as well as protein binding 
domains (consensus sequences) responsible for the binding of RNA polymerase. 

A coding sequence is "under the control" of transcriptional and translational control 
sequences in a cell when RNA polymerase transcribes the coding sequence into mRNA, 
which is then trans-RNA spliced and translated into the protein encoded by the coding 
sequence. 

A "signal sequence" is included at the beginning of the coding sequence of a protein to be 
expressed on the surface of a ceD. This sequence encodes a signal peptide, N-terminal to the 
mature polypeptide, that directs the host cell to translocate the polypeptide. The term 
"translocation signal sequence" is used herein to refer to this sort of signal sequence. 
Translocation signal sequences can be found associated with a variety of proteins native to 
eukaryotes and prokaryotes, and are often functional in both types of organisms. 

As used herein, the term "sequence homology" in all its grammatical forms refers to the 
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relationship between proteins that possess a "common evolutionary origin," including 
proteins from superfamilies (e.g. , the immunoglobulin superfamily) and homologous proteins 
from different species (e.g., myosin light chain, etc.) [Reecket al, Cell, 50:667 (1987)]. 

More specifically, a "homologue" to a particular gene or gene product, as used herein, refers 
to a gene or gene product (protein or peptide) that has a common evolutionary origin to the 
particular gene or gene product and preferably has an analogous function. Homologues are 
generally derived from different species e.g. rat phenylalanine hydroxylase is a homologue of 
human phenylalanine hydroxylase. 

Accordingly, the term "sequence similarity" in all its grammatical forms refers to the degree 
of identity or correspondence between nucleic acid or amino acid sequences of proteins that 
do not share a common evolutionary origin [see Reeck et al., 1987, supra]. However, in 
common usage and in the instant application, the term "homologous," when modified with an 
adverb such as "highly," may refer to sequence similarity and not a common evolutionary 



In a specific embodiment, two DNA sequences are "substantially homologous" or 
"substantially similar" when at least about 50% (preferably at least about 75%, and most 
preferably at least about 90 or 95%) of the nucleotides match over the defined length of the 
DNA sequences. Sequences that are substantially homologous can be identified by 
comparing the sequences using standard software available in sequence data banks such as 
that defined below, or in a Southern hybridization experiment under, for example, stringent 
conditions as defined for that particular system Defining appropriate hybridization 
conditions is within the skill of the art. See, for example, Maniatis et al , supra; DNA 
Cloning, Vols. I & II, supra; Nucleic Acid Hybridization, supra. 

Similarly, in a particular embodiment, two amino acid sequences are "substantially 
homologous" or "substantially similar" when greater than 30% of the amino acids are 
identical, or greater than about 60% are similar (functionally identical). Preferably, the 
similar or homologous sequences are identified by alignment using, for example, the GCG 
(Genetics Computer Group, Program Manual for the GCG Package, Version 7, Madison, 
Wisconsin) pileup program and the default parameters. 

The term "corresponding to" is used herein to refer to similar or homologous sequences, 
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whether the exact position is identical or different from the molecule to which the similarity 
or homology is measured. Thus, the term "corresponding to" refers to the sequence 
similarity, and not the numbering of the amino acid residues or nucleotide bases. 

A gene encoding an antibiotic peptide of the present invention, whether genomic DNA or 
cDNA, can be isolated from any prokaryotic source or fungal source, preferably a bacterial 
source. Similarly, the corresponding nucleotide and amino acid sequences can be obtain by 
inspection of genomic sequences, without requiring the actual isolation of the nucleic acid. 

Accordingly, any prokaryotic cell or fungal cell potentially can serve as the nucleic acid 
source for an antibiotic peptide or component of the His-Asp pathway or ABC transporter 
system of the present invention. The DNA may be obtained by standard procedures known 
in the art from cloned DNA (e.g. , a DNA "library"), by chemical synthesis, by cDNA 
cloning, or by the cloning of genomic DNA, or fragments thereof, purified from the desired 
cell [see, for example, Sambrook<?f al, 1989, supra; Glover, D.M. (ed.), 1985, DNA 
Cloning: A Practical Approach, MRL Press, Ltd., Oxford, U.K. Vol. I, II]. 

A radiolabeled cDNA encoding an antibiotic peptide of the present invention can be 
synthesized and then used as a probe to identify homologous coding regions from among 
other prokaryotic genomic DNA or fragments thereof. 

The present invention also relates to cloning vectors containing genes encoding the peptides 
of the invention. The production and use of such derivatives and analogs related to the 
antibiotic peptides are within the scope of the present invention. 

Due to the degeneracy of nucleotide coding sequences, other DNA sequences which encode 
substantially the same amino acid sequence as gene encoding a peptide of the invention may 
be used in the practice of the present invention including those comprising conservative 
substitutions thereof. These include but are not limited to modified allelic genes, modified 
homologous genes from other species, and nucleotide sequences comprising all or portions 
of such genes which are altered by the substitution of different codons that encode the same 
amino acid residue within the sequence, thus producing a silent change. 

The genes encoding peptide derivatives and analogs of the invention can be produced by 
various methods known in the art. The manipulations which result in their production can 
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occur at the gene or protein level. For example, a peptide gene sequence can be produced 
from a native peptide clone by any of numerous strategies known in the art [Sambrook et al. , 
1989, supra]. The sequence can be cleaved at appropriate sites with restriction 
endonuclease(s), followed by further enzymatic modification if desired, isolated, and ligated 
5 in vitro. In the production of the gene encoding a derivative or analog of peptide of the 
present invention, care should be taken to ensure that the modified gene remains within the 
same translational reading frame as the original gene, uninterrupted by translational stop 
signals, in the gene region where the desired activity is encoded. 

1 0 Additionally, nucleic acid sequence encoding a peptide of the present invention can be 
produced by in vitro or in vivo mutations, to create and/or destroy translation, initiation, 
and/or termination sequences, or to create variations in coding regions and/or form new 
restriction endonuclease sites or destroy preexisting ones, to facilitate further in vitro 
modification. Preferably such mutations will further enhance the specific properties of the 

1 5 gene product. Any technique for mutagenesis known in the art can be used, including but not 
limited to, in vitro site-directed mutagenesis [Hutchinson, C, et al, J. Biol. Chem., 253:6551 
(1978); Zoller and Smith, DNA, 3:479-488 (1984); Oliphant et al., Gene, 44:177 (1986); 
Hutchinson et al, Proc. Natl Acad. Sci. U.S.A., 83:710 (1986)], use of TAB® linkers 
(Pharmacia), etc. PCR techniques are preferred for site directed mutagenesis (see Higuchi, 

2 0 1989, "Using PCR to Engineer DNA", in PCR Technology: Principles and Applications for 
DNA Amplification, H. Erlich, ed., Stockton Press, Chapter 6, pp. 61-70)]. 

A general method for site- specific incorporation of unnatural amino acids into proteins is 
described in Christopher J. Noren, Spencer J. Anthony-Cahill, Michael C. Griffith, Peter G. 

2 5 Schultz, Science, 244:182-188 (April 1989). This method may be used to create analogs with 

unnatural amino acids. 

The identified and isolated or synthesized gene can then be inserted into an appropriate 
cloning vector. An appropriate vector-host system can be selected from the large number of 

3 0 those known in the art. 

Expression of The Proteins and Peptides of the Present Invention 

The nucleotide sequence coding for a peptide or protein of the present invention, or a 
3 5 functionally equivalent derivative, including a chimeric peptide/protein, thereof, can be 
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inserted into an appropriate expression vector, i.e., a vector which contains the necessary 
elements for the transcription and translation of the inserted protein-coding sequence. Such 
elements are termed herein a "promoter." Thus, the nucleic acid encoding the peptide of the 
invention is operationally associated with a promoter in an expression vector of the 
invention. Both cDNA and genomic sequences can be cloned and expressed under control of 
such regulatory sequences. An expression vector also preferably includes a replication 
origin. 

The necessary transcriptional and translational signals can be provided on a recombinant 
expression vector, or they may be supplied by the native gene encoding the corresponding 
peptide and/or its flanking regions. Any person with skill in the art of molecular biology or 
protein chemistry, in view of the present disclosure, would readily know how to assay the 
protein expressed as described herein, e.g., to determine whether such a modified peptide has 
the antibiotic activity of the peptides of the present invention. 

A recombinant protein or peptide of the present invention, or functionally equivalent 
derivative, or chimeric construct may be expressed chromosomally, after integration of the 
coding sequence by recombination. In this regard, any of a number of amplification systems 
may be used to achieve high levels of stable gene expression [See Sambrook et al. , 1989, 
supra]. Chromosomal integration, e.g. , by homologous recombination is desirable where 
permanent expression is required, such as to immortalize an antibody-producing plasma cell. 
In other embodiments, such as for in vitro propagation of cells for transplantation, transient 
transfection such as with a plasmid, is preferable. This way, the cell can be propagated 
indefinitely in vitro, but will terminally differentiate when reintroduced in vivo. 

The cell containing the recombinant vector comprising the nucleic acid encoding an peptide 
of the present invention is cultured in an appropriate cell culture medium under conditions 
that provide for expression of the peptide by the cell. 

Many methods well know in the art may be used to construct expression vectors containing a 
gene consisting of appropriate transcriptional/translational control signals and the protein 
coding sequences. These methods may include in vitro recombinant DNA and synthetic 
techniques and in vivo recombination (genetic recombination). 

Expression of peptides or proteins of the present invention may be controlled by any 
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promoter/enhancer element known in the art, but these regulatory elements must be 
functional in the host selected for expression. 

Expression vectors containing a nucleic acid encoding a peptide or a protein of the present 
invention can be identified by four general approaches: (a) PCR amplification of the desired 
plasmid DNA or specific mRNA, (b) nucleic acid hybridization, (c) presence or absence of 
selection marker gene functions, and (d) expression of inserted sequences. In the first 
approach, the nucleic acids can be amplified by PCR to provide for detection of the 
amplified product. In the second approach, the presence of a foreign gene inserted in an 
expression vector can be detected by nucleic acid hybridization using probes comprising 
sequences that are homologous to an inserted marker gene. In the third approach, the 
recombinant vector/host system can be identified and selected based upon the presence or 
absence of certain "selection marker" gene functions (e.g. , P-galactosidase activity, 
thymidine kinase activity, resistance to antibiotics, transformation phenotype, occlusion body 
formation in baculovirus, etc.) caused by the insertion of foreign genes in the vector. In 
another example, if the nucleic acid encoding the peptide is inserted within the "selection 
marker" gene sequence of the vector, recombinants containing the peptide insert can be 
identified by the absence of the marker gene function. In the fourth approach, recombinant 
expression vectors can be identified by assaying for the activity, biochemical, or 
immunological characteristics of the gene product expressed by the recombinant, provided 
that the expressed peptide or protein assumes a functionally active conformation. 

The art recognizes a wide variety of host/expression vector combinations that may be 
employed in expressing the DNA sequences of this invention. Once a particular recombinant 
DNA molecule is identified and isolated, several methods known in the art may be used to 
propagate it. Once a suitable host system and growth conditions are established, 
recombinant expression vectors can be propagated and prepared in quantity. 

Vectors are introduced into the desired host cells by methods known in the art, e.g. , 
transfection, electroporation, microinjection, transduction, cell fusion, DEAE dextran, 
calcium phosphate precipitation, lipofection (lysosome fusion), use of a gene gun, or a DNA 
vector transporter [see, e.g., Wu el al, J. Biol. Chem. 267:963-967 (1992); Wu and Wu, J. 
Biol Chem., 263:14621-14624 (1988); Hartmut et al, Canadian Patent Application No. 
2,012,311, filed March 15, 1990)]. 
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According to the present invention, the peptides and proteins of the present invention as 
produced by a recombinant source, through chemical synthesis, through the modification of a 
peptide of the present invention, or directly isolated from a natural sources, and derivatives 
or analogs thereof, including fusion proteins/peptides, may be used as an immunogen to 
generate antibodies that specifically recognize the peptide or protein. Such antibodies 
include but are not limited to polyclonal, monoclonal, chimeric, single chain, Fab fragments, 
and a Fab expression library. The anti-peptide antibodies of the invention may be cross 
reactive, that is, they may recognize an homologous peptide derived from a different 
naturally occurring peptide. Polyclonal antibodies have greater likelihood of cross reactivity. 
Alternatively, an antibody of the invention may be specific for a single form of a peptide or 
protein of the present invention, such as the peptide having an amino acid sequence of SEQ 
ID NO:2 or SEQ ID NO:44. 

Various procedures known in the art may be used for the production of polyclonal antibodies 
to the peptides or proteins of the present invention or derivatives or analogs thereof. For the 
production of antibody, various host animals can be immunized by injection with the peptide, 
protein, or a derivative (e.g., or fusion protein) thereof, including but not limited to rabbits, 
mice, rats, sheep, goats, etc. In one embodiment, the peptide can be conjugated to an 
immunogenic carrier, e.g. , bovine serum albumin (BS A) or keyhole limpet hemocyanin 
(KLH). Various adjuvants may be used to increase the immunological response, depending 
on the host species, including but not limited to Freund's (complete and incomplete), mineral 
gels such as aluminum hydroxide, surface active substances such as lysolecithin, pluronic 
polyols, polyanions, peptides, oil emulsions, keyhole limpet hemocyanins, dinitrophenol, and 
potentially useful human adjuvants such as BCG (bacille Calmette-Gueriri) and 
Corynebacterium parvum. 

For preparation of monoclonal antibodies directed toward the peptide, or analog, or 
derivative thereof, any technique that provides for the production of antibody molecules by 
continuous cell lines in culture may be used. These include but are not limited to the 
hybridoma technique originally developed by Kohler and Milstein [Nature, 256:495-497 
(1975)], as well as the trioma technique, the human B-cell hybridoma technique [Kozbor et 
al, Immunology Today, 4:72 (1983); Cote et at, Proc. Natl Acad. Sci. U.S.A., 80:2026-2030 
(1983)], and the EBV-hybridoma technique to produce human monoclonal antibodies [Cole 
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a/., in Monoclonal Antibodies and Cancer Therapy, Alan R. Liss, Inc., pp. 77-96 (1985)]. 
In an additional embodiment of the invention, monoclonal antibodies can be produced in 
germrfree animals utilizing recent technology [PCT/US90/02545]. In fact, according to the 
invention, techniques developed for the production of "chimeric antibodies" [Morrison et ai, 
5 J. BacterioL, 159:870 (1984); Neuberger et al, Nature, 312:604-608 (1984); Takeda et ai, 
Nature, 314:452-454 (1985)] by splicing the genes from a mouse antibody molecule specific 
for an antibody together with genes from a human antibody molecule of appropriate 
biological activity can be used; such antibodies are within the scope of this invention. Such 
human or humanized chimeric antibodies are preferred for use in therapy of human diseases 
10 or disorders (described infra), since the human or humanized antibodies are much less likely 
than xenogenic antibodies to induce an immune response, in particular an allergic response, 
themselves. 

According to the invention, techniques described for the production of single chain 
15 antibodies [U.S. Patent Nos. 5,476,786 and 5,132,405 to Huston; U.S. Patent 4,946,778] can 
be adapted to produce specific single chain antibodies to a peptide of the present invention. 
An additional embodiment of the invention utilizes the techniques described for the 
construction of Fab expression libraries [Husee* al, Science, 246:1275-1281 (1989)] to 
allow rapid and easy identification of monoclonal Fab fragments with the desired specificity 
2 0 for a peptide of the present invention, or its derivatives, or analogs. 

Antibody fragments which contain the idiotype of the antibody molecule can be generated by 
known techniques. For example, such fragments include but are not limited to: the F(ab') 2 
fragment which can be produced by pepsin digestion of the antibody molecule; the Fab' 
2 5 fragments which can be generated by reducing the disulfide bridges of the F(ab') 2 fragment, 
and the Fab fragments which can be generated by treating the antibody molecule with papain 
and a reducing agent. 



In the production of antibodies, screening for the desired antibody can be accomplished by 
3 0 techniques known in the art, e.g. , radioimmunoassay, ELISA (enzyme-linked immunosorbant 
assay), "sandwich" immunoassays, immunoradiometric assays, gel diffusion precipitin 
reactions, immunodiffusion assays, in situ immunoassays (using colloidal gold, enzyme or 
radioisotope labels, for example), western blots, precipitation reactions, agglutination assays 
(e.g., gel agglutination assays, hemagglutination assays), complement fixation assays, 
3 5 immunofluorescence assays, protein A assays, and immunoelectrophoresis assays, etc. In 
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one embodiment, antibody binding is detected by detecting a label on the primary antibody. 
In another embodiment, the primary antibody is detected by detecting binding of a secondary 
antibody or reagent to the primary antibody. In a further embodiment, the secondary 
antibody is labeled. Many means are known in the art for detecting binding in an 
5 immunoassay and are within the scope of the present invention. For example, to select 
antibodies which recognize a specific epitope of the peptide, one may assay generated 
hybridomas for a product which binds to the peptide fragment containing such epitope. For 
selection of an antibody specific to a peptide from a particular source, one can select on the 
basis of positive binding with the peptide expressed by, chemically synthesized, or isolated 
1 0 from that specific source. 

The foregoing antibodies can be used in methods known in the art relating to the localization 
and activity of the corresponding peptide or protein of the invention, e.g. , for Western 
blotting, treasuring levels thereof in appropriate physiological samples, etc. using any of the 
1 5 detection techniques mentioned herein or known in the art. 

Labels 

The peptides and proteins of the present invention, as well as nucleic acids that encode these 
peptides all can be labeled. Suitable labels include enzymes, fluorophores (e.g. , fluorescein 

2 0 isothiocyanate (FITC), phycoerythrin (PE), Texas red (TR), rhodamine, free or chelated 

3+ 

lanthanide series salts, especially Eu , to name a few fluorophores), chromophores, 
radioisotopes, chelating agents, dyes, colloidal gold, latex particles, ligands (e.g., biotin), and 
chemiluminescent agents. When a control marker is employed, the same or different labels 
may be used for the receptor and control marker. 

25 

In the instance where a radioactive label, such as the isotopes 3 H, 14 C, 32 P, 35 S, 36 C1, 51 Cr, 
57 Co, 58 Co, 59 Fe, 90 Y, 125 I, 131 I, and 186 Re are used, known currently available counting 
procedures may be utilized. In the instance where the label is an enzyme, detection may be 
accomplished by any of the presently utilized colorimetric, spectrophotometric, 

3 0 fluorospectrophotometric, amperometric or gasometric techniques known in the art. 

Direct labels are one example of labels which can be used according to the present invention. 
A direct label has been defined as an entity, which in its natural state, is readily visible, 
either to the naked eye, or with the aid of an optical filter and/or applied stimulation, e.g. 
3 5 U. V. light to promote fluorescence. Among examples of colored labels, which can be used 
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according to the present invention, include metallic sol particles, for example, gold sol 
particles such as those described by Leuvering (U.S. Patent 4,313,734); dye sole particles 
such as described by Gribnau et al (U.S. Patent 4,373,932) and May et al. (WO 88/08534); 
dyed latex such as described by May, supra, Snyder (EP-A 0 280 559 and 0 281 327); or 
5 dyes encapsulated in liposomes as described by Campbell et al. (U.S. Patent 4,703,017). 
Other direct labels include a radionucleotide, a fluorescent moiety or a luminescent moiety. 
In addition to these direct labeling devices, indirect labels comprising enzymes can also be 
used according to the present invention. Various types of enzyme linked immunoassays are 
well known in the art, for example, alkaline phosphatase and horseradish peroxidase, 
1 0 lysozyme, glucose-6-phosphate dehydrogenase, lactate dehydrogenase, urease, these and 
others have been discussed in detail by Eva Engvall in Enzyme Immunoassay ELIS A and 
EMIT in Methods in Enzymology, 70:419-439 (1980) and in U.S. Patent 4,857,453. 



U Suitable enzymes include, but are not limited to, alkaline phosphatase and horseradish 

1 5 peroxidase. Other labels for use in the invention include magnetic beads or magnetic 

! S resonance imaging labels. 

y In another embodiment, a phosphorylation site can be created on an antibody of the invention 

g for labeling with 32 P, e.g. , as described in European Patent No. 0372707 (application No. 

j {j 2 0 8931 1108.8) by Sidney Pestka, or U.S. Patent No. 5,459,240, issued October 17, 1995 to 

i.s i 

:jg Foxwell et al. 

As exemplified herein, proteins, including antibodies, can be labeled by metabolic labeling. 
Metabolic labeling occurs during in vitro incubation of the cells that express the protein in 

2 5 the presence of culture medium supplemented with a metabolic label, such as [ 35 S]- 

methionine or [ 32 P]-orthophosphate. In addition to metabolic (or biosynthetic) labeling with 
[ 35 S]-methionine, the invention further contemplates labeling with [ 14 C]-amino acids and 
[ 3 H]-amino acids (with the tritium substituted at non-labile positions). 

3 0 Peptide Screening 

As disclosed herein, nucleic acid sequences encoding naturally occurring peptides can be 
identified and selected through inspection of prokaryotic (e.g., bacterial) or fungal DNA in 
regions encoding ABC transporter or systems, or proteins involved in His- Asp phosphorelay 
3 5 pathways, or analogous prokaryotic signal transduction systems. Further examples of 
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appropriate peptides include those listed in Table 1 below. 



10 



TABLE 1 



Peptide 



SEQ ID 



Origin 



1 


NRKVFIWLS MLLLLAMERPWCS LV 


26 


Methanococcus jannaschii 


2 


SSLLDGVKIASGNLLASTKPSGNFN 


27 


Haemophilus influenzae Rd 


3 


SRKRFHQILMQGMKLAYRIYRS SHD 


28 


Haemophilus influenzae Rd 


4 


RSDKFHSTIVLSSVLADKKTPRCCH 


29 


Haemophilus influenzae Rd 


5 


HVEELHHVVESLALLSDKVLCRNSY 


30 


Archaeoglobus fulgidus 


6 


TGREARRIISAGEILVDGWRKDYK 


31 


Archaeoglobus fulgidus 


7 


RCLRRDS LFS SGCLLAGEEPS RRSC 


32 


Archaeoglobus fulgidus 


8 


VLRTHGTVLSAKQLINAKNPSRYFG 


33 


Borrelia burgdorferi 


9 


LKEEFEKFRS AGEKLLDFRP 


34 


Synechocystis Sp. 


10 


FGNQLSIGQLIA 


35 


Synechocystis Sp. 



Such peptides can be generated by synthesizing or expressing the amino acid sequence 
encoded. The peptide can then be tested to see if it inhibits the growth of and/or kills the 
bacterial cells. Alternatively, the peptide can be tested for its ability kill autolysis prone 
pneumococci with or alternatively without lysing the cell. In still another embodiment, the 

2 0 peptide is tested for acting synergistically with penicillin (or analogues thereof) for killing 

non growing or slow growing bacterial cells. Similarly, analogs of the natural peptide can 
also be prepared and then tested for their ability to kill prokaryotic cells. A particular 
peptide, or analog thereof is identified when it can inhibit the growth of or stimulate bacterial 
cell killing or lysis. 

25 

The analogs of the peptides can contain one or more conservative amino acid substitutions, 
or contain a portion of the naturally occurring sequence of the peptide, which has one or 
more conservative amino acid substitutions. Such a portion of the peptide can also be linked 
together in a fusion peptide or protein, and thereby contain amino acid residues that are 

3 0 functionally distinct from those that have been replaced. 

Any person having skill in the art would recognize appropriate modifications of the peptide 
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to make it more stable, including the use of substitutions involving unnatural amino acids as 
described above. Changes in the peptide also can be made to make it potentially more 
effective and/or more broadly applicable. Such peptide analogs are fully contemplated in the 
present invention. 

The method for identifying a peptide that can inhibit the growth of or kill a prokaryote (e.g., 
a bacterium) can comprise testing the peptide for its ability to inhibit the growth of or kill an 
alternative strain (and/or species) of the bacterium, since not all peptides will be able to kill 
all bacterial strains and/or species. Alternatively, the peptide can be tested for its ability kill 
autolysis prone pneumococci without lysing the cell. In still another embodiment, the 
peptide is tested for acting synergistically with penicillin (or analogues thereof) for killing 
bacterial cells. Indeed, many of the peptides of the present invention will show specificity 
for particular species and/or strains of bacteria (or other prokaryotes). Therefore, generally, 
the bacterium (or prokaryote) tested will initially be one that naturally encodes the peptide. 

In particular embodiments, the bacterial strain tested is a wild type strain. In other 
embodiments a particular mutant strain is tested. In the Examples below, the peptide having 
the amino acid sequence of SEQ ID NO:2 was tested in a wild type strain of Streptococcus 
pneumoniae, a strain deficient in the autolysin, Lyt A, a strain of bacteria highly tolerant to 
vancomycin and penicillin, and strains of bacteria having a non-functional histidine kinase or 
a non-functional ABC transporter. 

The ability of a peptide to inhibit the growth of or kill a particular cell and/or act 
synergistically with penicillin can be measured by any technique known in the art. In the 
Examples below, cell growth curves were performed in the presence or absence of the 
peptide, and monitored by the change in optical density (e.g. , at 620 nm) with time. If the 
optical density decreases in the presence of the peptide relative to in its absence, the peptide 
is identified as an activator of cell lysis. If the optical density remains constant, the peptide 
is identified as an inhibitor of cell growth. The synergistic effect with penicillin can also be 
readily determined. Cell killing can be determined by measuring relative colony forming 
units (CFU/ml) as described below. 

Cell cultures can be readily prepared, as exemplified below, by initially growing cells to a 
defined concentration, e.g. , having an OD 620 of 0.05-0.2. At this point the peptide can be 
administered to the sample, alone or together with other appropriate reagents (alternative 





57 

antibiotics etc.) The cells can then be cultured for a designated time, at a designated 
temperature, to allow cell growth to reach a designated growth phase, e.g., stationary phase. 
The cell density can be determined by a number of means including by monitoring the OD at 
620 nm at regular intervals, e. g. , every hour. A decrease in optical density (/. e. , cell 
5 concentration) is indicative of the cells being killed. 

Prokaryotic cells (e.g., bacterial cells) can be constructed to have functional mutations in any 
or all of the open reading frames of an ABC transporter system and/or a His-Asp 
phosphorelay signal transduction system (including in sensor histidine kinase or a response 
regulator). In one such embodiment, the lack of function in a particular open reading frame 
is performed by insertion duplication mutagenesis, although a number of comparable 
methods can be used including transposon mutagenesis. 

The ability of an agent, including a peptide of the present invention, to maintain antibacterial 
activity in the mutant cells can be readily tested as described below. Aside from the methods 
of identifying the potential agents (or drugs) detailed above the assays of the present 
invention can be used to identify agents from the huge chemical libraries that are 
commercially available from most large chemical companies including Merck, 
Glaxo Wellcome, Bristol Meyers Squib, Monsanto/Searle, Eli Lilly, Novartis and Pharmacia 
UpJohn. Alternatively recombinant bacteriophage may be used to produce large peptide 
libraries. Using the "phage method" [Scott and Smith, Science, 249:3860-390 (1990); Cwirla 
etal, Proc. Natl. Acad. Sci, 87:6378-6382 (1990); Devlin et al, Science, 249:404-406 
(1990)], very large libraries can be constructed (10 6 -10 8 chemical entities). A second 
approach uses primarily chemical methods, of which the Geysen method [Geysen et al, 
Molecular Immunology, 23:709-715 (1986); Geysen etal, J. Immunologic Method, 102:259- 
274 (1987)] and the method of Fodor et al. [Science, 251:767-773 (1991)] are examples. 
Furka et al. [1 4th International Congress of Biochemistry, Volume 5, Abstract FR:013 
(1988); Furka, Int. J. Peptide Protein Res., 37:487-493 (1991)], Houghton [U.S. Patent No. 
4,631,211, issued December 1986] and Rutter et al [U.S. Patent No. 5,010,175, issued April 
23, 1991] describe methods to produce a mixture of peptides that can be readily tested as 
agents or drugs. 

In another aspect, synthetic libraries [Needels et al, Proc. Natl Acad. Sci. USA, 90:10700-4 
(1993); Ohlmeyer et al, Proc. Natl Acad. Sci. USA, 90:10922-10926 (1993); Lame* al, 
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International Patent Publication No. WO 92/00252; Kocis el al, International Patent 
Publication No. WO 9428028, each of which is incorporated herein by reference in its 
entirety], and the like can be used to screen for drugs using the mutant cells provided by the 
present invention. 

Diagnostics 



The sensor histidine kinase having the amino acid sequence of SEQ ID NO: 14, and 
homologues thereof, the response regulator having the amino acid sequence of SEQ ID 
NO: 16 and homologues thereof, and a component of the ABC transporter system having the 
amino acid sequence of SEQ ID NO: 18, SEQ ID NO:20, or SEQ ID NO:22, and homologues 
thereof, individually and in combination may be used as markers to identify clinically 
tolerant strains of bacteria as described in Example 11. Primers for the marker(s) can be 
prepared and the PCR amplification products can be evaluated by SSCP analysis or 
alternatively by restriction fragment length polymorphism (RFLP) for example. Differences 
in the gel patterns of the products of the SSCP procedure between a test sample and a 
wildtype bacterial strain allows the identification of a bacterial strain that is likely to be a 
tolerant strain. Such identification can be used in the epidemiological study of the spread of 
tolerant/resistant traits. The greater the similarity of the changes in the sequences between 
two particular bacterial strains (relative to a known standard) the more closely related are the 
two particular sequences. Identical sequence changes indicate identical clones from the same 
source bacterial strain. 

Administration 
25 

According to the invention, the component or components of a therapeutic composition, e.g., 
a peptide of the present invention and a pharmaceutically acceptable carrier, may be 
introduced topically, parenterally, transmucosally, e.g., orally, nasally, or rectally, or 
transdermally. Administration that is parenteral, e.g., via intravenous injection, also 
3 0 includes, but is not limited to, intra-arteriole, intramuscular, intradermal, subcutaneous, 
intraperitoneal, intraventricular, and intracranial administration. 

In a preferred aspect, a peptide of the present invention can cross cellular or nuclear 
membranes, which would allow for intravenous or oral administration. Strategies are 
3 5 available for such crossing, including but not limited to, increasing the hydrophobic nature of 
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the peptide; introducing the peptide as a conjugate to a carrier, such as a ligand to a specific 
receptor, targeted to a receptor; and the like. 

The present invention also provides for conjugating targeting molecules to a peptide of the 
invention. "Targeting molecule" as used herein shall mean a molecule which, when 
administered in vivo, localizes to desired location(s). In various embodiments, the targeting 
molecule can be a peptide or protein, antibody, lectin, carbohydrate, or steroid. In one 
embodiment, the targeting molecule is a peptide ligand of a receptor on the target cell. In a 
specific embodiment, the targeting molecule is an antibody. Preferably, the targeting 
molecule is a monoclonal antibody. In one embodiment, to facilitate crosslinking the 
antibody can be reduced to two heavy and light chain heterodimers, or the F(ab') 2 fragment 
can be reduced, and crosslinked to the peptide via the reduced sulfhydryl. 

Antibodies for use as targeting molecule are specific for cell surface antigen. In one 
embodiment, the antigen is a receptor. For example, an antibody specific for a receptor on 
cell in the lung, can be used in the treatment of pneumonia. This invention further provides 
for the use of other targeting molecules, such as lectins, carbohydrates, proteins and steroids. 

In another embodiment, the therapeutic compound can be delivered in a vesicle, in particular 
a liposome [see Langer, Science, 249:1527-1533 (1990); Treat et aL, in Liposomes in the 
Therapy of Infectious Disease and Cancer, Lopez-Berestein and Fidler (eds.), Liss: New 
York, pp. 353-365 (1989); Lopez-Berestein, ibid, pp. 317-327; see generally ibid]. To 
reduce its systemic side effects, this may be a preferred method for introducing a peptide of 
the present invention. 

In yet another embodiment, the therapeutic compound can be delivered in a controlled 
release system For example, the peptide may be administered using intravenous infusion, an 
implantable osmotic pump, a transdermal patch, liposomes, or other modes of administration. 
In one embodiment, a pump may be used [see Langer, supra; Sefton, CRC Crit. Ref Biomed. 
Eng., 14:201 (1987); Buchwald et al., Surgery, 88:507 (1980); Saudek et aL, N. Engl. J. 
Med., 321:574 (1989)]. In another embodiment, polymeric materials can be used [see 
Medical Applications of Controlled Release, Langer and Wise (eds.), CRC Press: Boca 
Raton, Florida (1974); Controlled Drug Bioavailability, Drug Product Design and 
Performance, Smolen and Ball (eds.), Wiley: New York (1984); Ranger and Peppas, 7. 
Macromol. Sci. Rev. MacromoL Chem., 23:61 (1983); see also Levy et aL, Science, 228:190 
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(1985); During et al.,Ann. Neurol., 25:351 (1989); Howard et al., J. Neurosurg., 71:105 
(1989)]. In yet another embodiment, a controlled release system can be placed in proximity 
of the therapeutic target, e.g. , the lungs, thus requiring only a fraction of the systemic dose 
[see, e.g., Goodson, in Medical Applications of Controlled Release, supra, vol. 2, pp. 115- 
5 138 (1984)]. Other controlled release systems are discussed in the review by Langer 
[Science, 249:1527-1533 (1990)]. 

Pharmaceutical Compositions. Yet another aspect of the present invention, provides 
pharmaceutical compositions of the above. Such pharmaceutical compositions may be for 
topical administration or for injection, or for oral, pulmonary, nasal or other forms of 
administration. In general, included in the invention are pharmaceutical compositions 
comprising effective amounts of a low molecular weight component or components, or 
derivative products, of the invention together with pharmaceutically acceptable diluents, 
preservatives, solubilizers, emulsifiers, adjuvants and/or carriers. Such compositions include 
diluents of various buffer content (e.g., Tris-HCl, acetate, phosphate), pH and ionic strength; 
additives such as detergents and solubilizing agents (e.g., Tween 80, Polysorbate 80), anti- 
oxidants (e.g., ascorbic acid, sodium metabisulfite), preservatives (e.g., Thimersol, benzyl 
alcohol) and bulking substances (e.g., lactose, mannitol); incorporation of the material into 
particulate preparations of polymeric compounds such as polylactic acid, polyglycolic acid, 
etc. or into liposomes. Hyaluronic acid may also be used. Such compositions may influence 
the physical state, stability, rate of in vivo release, and rate of in vivo clearance of the present 
peptides and derivatives. See, e.g., Remington's Pharmaceutical Sciences, 18th Ed. [1990, 
Mack Publishing Co., Easton, PA 18042] pages 1435-1712 which are herein incorporated by 
reference. The compositions may be prepared in liquid form, or may be in dried powder, 
such as lyophilized form 

Oral Delivery. Contemplated for use herein are oral solid dosage forms, which are described 
generally in Remington's Pharmaceutical Sciences, 18th Ed. 1990 (Mack Publishing Co. 
Easton PA 18042) at Chapter 89, which is herein incorporated by reference. Solid dosage 
3 0 forms include tablets, capsules, pills, troches or lozenges, cachets or pellets. Also, liposomal 
or proteinoid encapsulation may be used to formulate the present compositions (as, for 
example, proteinoid microspheres reported in U.S. Patent No. 4,925,673). Liposomal 
encapsulation may be used and the liposomes may be derivatized with various polymers 
(e.g., U.S. Patent No. 5,013,556). A description of possible solid dosage forms for the 
3 5 therapeutic is given by Marshall, K. In: Modern Pharmaceutics Edited by G.S. Banker and 




C.T. Rhodes Chapter 10, 1979, herein incorporated by reference. In general, the formulation 
will include a peptide of the present invention (or chemically modified forms thereof) and 
inert ingredients which allow for protection against the stomach environment, and release of 
the biologically active material in the intestine. 

Also specifically contemplated are oral dosage forms of the above derivatized peptides. The 
peptides may be chemically modified so that oral delivery of the derivative is efficacious. 
Generally, the chemical modification contemplated is the attachment of at least one moiety to 
the peptide itself, where said moiety permits (a) inhibition of proteolysis; and (b) uptake into 
the blood stream from the stomach or intestine. Also desired is the increase in overall 
stability of the peptide and increase in circulation time in the body. An example of such a 
moiety is polyethylene glycol. 

For the peptide (or derivative) the location of release may be the stomach, the small intestine 
(the duodenum, the jejunum, or the ileum), or the large intestine. One skilled in the art has 
available formulations which will not dissolve in the stomach, yet will release the material in 
the duodenum or elsewhere in the intestine. Preferably, the release will avoid the deleterious 
effects of the stomach environment, either by protection of the peptide (or derivative) or by 
release of the biologically active material beyond the stomach environment, such as in the 
intestine. 

The therapeutic can be included in the formulation as fine multi-particulates in the form of 
granules or pellets of particle size about 1 mm. The formulation of the material for capsule 
administration could also be as a powder, lightly compressed plugs or even as tablets. The 
therapeutic could be prepared by compression. 

One may dilute or increase the volume of the therapeutic with an inert material. These 
diluents could include carbohydrates, especially mannitol, a-lactose, anhydrous lactose, 
cellulose, sucrose, modified dextrans and starch. Certain inorganic salts may be also be used 
as fillers including calcium triphosphate, magnesium carbonate and sodium chloride. Some 
commercially available diluents are Fast-Flo, Emdex, STA-Rx 1500, Emcompress and 
Avicell. 

Disintegrants may be included in the formulation of the therapeutic into a solid dosage form. 
Materials used as disintegrates include but are not limited to starch, including the 
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commercial disintegrant based on starch, Explotab. Binders also may be used to hold the 
therapeutic agent together to form a hard tablet and include materials from natural products 
such as acacia, tragacanth, starch and gelatin. 

5 An anti-ftictional agent may be included in the formulation of the therapeutic to prevent 
sticking during the formulation process. Lubricants may be used as a layer between the 
therapeutic and the die wall. Glidants that might improve the flow properties of the drug 
during formulation and to aid rearrangement during compression also might be added. The 
glidants may include starch, talc, pyrogenic silica and hydrated silicoaluminate. 

10 

In addition, to aid dissolution of the therapeutic into the aqueous environment a surfactant 
might be added as a wetting agent. Additives which potentially enhance uptake of the 
protein (or derivative) are for instance the fatty acids oleic acid, linoleic acid and linolenic 
acid. 

15 

Nasal Delivery. Nasal delivery of a peptide of the present invention is also contemplated. 
Nasal delivery allows the passage of the peptide to the blood stream directly after 
administering the therapeutic product to the nose, without the necessity for deposition of the 
peptide in the lung. Formulations for nasal delivery include those with dextran or 
2 0 cyclodextran. 

For nasal administration, a useful device is a small, hard bottle to which a metered dose 
sprayer is attached. In one embodiment, the metered dose is delivered by drawing the 
pharmaceutical composition of the present invention solution into a chamber of defined 

2 5 volume, which chamber has an aperture dimensioned to aerosolize and aerosol formulation 

by forming a spray when a liquid in the chamber is compressed. The chamber is compressed 
to administer the pharmaceutical composition of the present invention. In a specific 
embodiment, the chamber is a piston arrangement. Such devices are commercially available. 

3 0 Alternatively, a plastic squeeze bottle with an aperture or opening dimensioned to aerosolize 

an aerosol formulation by forming a spray when squeezed. The opening is usually found in 
the top of the bottle, and the top is generally tapered to partially fit in the nasal passages for 
efficient administration of the aerosol formulation. Preferably, the nasal inhaler will provide 
a metered amount of the aerosol formulation, for administration of a measured dose of the 
3 5 drug. 
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Transdermal administration. Various and numerous methods are known in the art for 
transdermal administration of a drug, e.g. , via a transdermal patch. Transdermal patches are 
described in for example, U.S. Patent No. 5,407,713, issued April 18, 1995 to Rolando et al; 
U.S. Patent No. 5,352,456, issued October 4, 1004 to Fallon et al; U.S. Patent No. 5,332,213 
issued August 9, 1994 to D'Angelo et al; U.S. Patent No. 5,336,168, issued August 9, 1994 
to Sibalis; U.S. Patent No. 5,290,561, issued March 1, 1994 to Farhadieh et al; U.S. Patent 
No. 5,254,346, issued October 19, 1993 to Tucker et al; U.S. Patent No. 5,164,189, issued 
November 17, 1992 to Berger et al; U.S. Patent No. 5,163,899, issued November 17, 1992 to 
Sibalis; U.S. Patent Nos. 5,088,977 and 5,087,240, both issued February 18, 1992 to Sibalis; 
U.S. Patent No. 5,008,110, issued April 16, 1991 to Benecke et al; and U.S. Patent No. 
4,921,475, issued May 1, 1990 to Sibalis, the disclosure of each of which is incorporated 
herein by reference in its entirety. 

It can be readily appreciated that a transdermal route of administration may be enhanced by 
use of a dermal penetration enhancer, e.g., such as enhancers described in U.S. Patent No. 
5,164,189 (supra), U.S. Patent No. 5,008,110 (supra), and U.S. Patent No. 4,879,119, issued 
November 7, 1989 to Aruga et al, the disclosure of each of which is incorporated herein by 
reference in its entirety. 

Pulmonary Delivery. Also contemplated herein is pulmonary delivery of the pharmaceutical 
compositions of the present invention. A pharmaceutical composition of the present 
invention is delivered to the lungs of a mammal while inhaling and traverses across the lung 
epithelial lining to the blood stream. Other reports of this include Adjei et al 
[Pharmaceutical Research, 7:565-569 (1990); Adjei et al., International Journal of 
Pharmaceutics, 63:135-144 (1990) (leuprolide acetate); Braquet et al, Journal of 
Cardiovascular Pharmacology, 13(suppl. 5): 143-146 (1989) (endothelin-1); Hubbard et al, 
Annals of Internal Medicine, Vol. Ill, pp. 206-212 (1989) (a-l-antitrypsin); Smith et al, J 
Clin. Invest., 84:1145-1146 (1989) (a-l-proteinase); Osweiner al, "Aerosolization of 
Proteins", Proceedings of Symposium on Respiratory Drug Delivery II, Keystone, Colorado, 
March, (1990) (recombinant human growth hormone); Debs et al., /. Immunol, 
140:3482-3488 (1988) (interferon-cc and tumor necrosis factor alpha); Platz et al, U.S. 
Patent No. 5,284,656 (granulocyte colony stimulating factor)]. A method and composition 
for pulmonary delivery of drugs for systemic effect is described in Wong et al , U.S. Patent 
No. 5,451,569, issued September 19, 1995. 
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Contemplated for use in the practice of this invention are a wide range of mechanical devices 
designed for pulmonary delivery of therapeutic products, including but not limited to 
nebulizers, metered dose inhalers, and powder inhalers, all of which are familiar to those 
skilled in the art. With regard to construction of the delivery device, any form of 
5 aerosolization known in the art, including but not limited to spray bottles, nebulization, 
atoirrization or pump aerosolization of a liquid formulation, and aerosolization of a dry 
powder formulation, can be used in the practice of the invention. 

All such devices require the use of formulations suitable for the dispensing of 
1 0 pharmaceutical composition of the present invention (or derivative). Typically, each 
formulation is specific to the type of device employed and may involve the use of an 
=1 appropriate propellant material, in addition to the usual diluents, adjuvants and/or carriers 

0 useful in therapy. Also, the use of liposomes, microcapsules or microspheres, inclusion 

□ complexes, or other types of carriers is contemplated. Chemically modified pharmaceutical 

15 composition of the present invention may also be prepared in different formulations 
1g depending on the type of chemical modification or the type of device employed. 

3 Formulations suitable for use with a nebulizer, either jet or ultrasonic, will typically 

1 comprise pharmaceutical composition of the present invention (or derivative) dissolved in 
jl 2 0 water at a concentration of about 0.1 to 25 mg of biologically active ingredients of a 

~ pharmaceutical composition of the present invention per mL of solution. The formulation 

may also include a buffer and a simple sugar (e.g., for stabilization and regulation of osmotic 
pressure of a pharmaceutical composition of the present invention). The nebulizer 
formulation may also contain a surfactant, to reduce or prevent surface induced aggregation 

2 5 of the pharmaceutical composition of the present invention caused by atorrdzation of the 

solution in forming the aerosol. 

The liquid aerosol formulations contain a pharmaceutical composition of the present 
invention and a dispersing agent in a physiologically acceptable diluent. The dry powder 

3 0 aerosol formulations of the present invention consist of a finely divided solid form of a 

pharmaceutical composition of the present invention and a dispersing agent. With either the 
liquid or dry powder aerosol formulation, the formulation must be aerosolized. That is, it 
must be broken down into liquid or solid particles in order to ensure that the aerosolized dose 
actually reaches the mucous membranes of the nasal passages or the lung. The term "aerosol 
3 5 particle 1 ' is used herein to describe the liquid or solid particle suitable for nasal or pulmonary 
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administration, i.e. , that will reach the mucous membranes. Other considerations, such as 
construction of the delivery device, additional components in the formulation, and particle 
characteristics are important. These aspects of nasal or pulmonary administration of a drug 
are well known in the art, and manipulation of formulations, aerosolization means and 
construction of a delivery device require at most routine experimentation by one of ordinary 
skill in the art. 

Often, the aerosolization of a liquid or a dry powder formulation for inhalation into the lung 
will require a propellent. The propellent may be any propellant generally used in the art. 
Specific non-limiting examples of such useful propellants are a chlorofluorocarbon, a 
hydrofluorocarbon, a hydrochlorofluorocarbon, or a hydrocarbon, including 
trifluoromethane, dichlorodifluoromethane, dichlorotetrafluoroethanol, and 
1,1,1,2-tetrafluoroethane, or combinations thereof. 

Systems of aerosol delivery, such as the pressurized metered dose inhaler and the dry powder 
inhaler are disclosed in Newman, S.P., Aerosols and the Lung, Clarke, S.W. and Davia, D. 
editors, pp. 197-220 and can be used in connection with the present invention. 

In general, as described in detail infra, pharmaceutical composition of the present invention 
is introduced into the subject in the aerosol form in an amount between about 0.01 mg per kg 
body weight of the mammal up to about 1 mg per kg body weight of said mammal. In a 
specific embodiment, the dosage is administered as needed. One of ordinary skill in the art 
can readily determine a volume or weight of aerosol corresponding to this dosage based on 
the concentration of pharmaceutical composition of the present invention in an aerosol 
formulation of the invention. 

Liquid Aerosol Formulations. The present invention provides aerosol formulations and 
dosage forms. In general such dosage forms contain a pharmaceutical composition of the 
present invention in a pharmaceutically acceptable diluent. Pharmaceutically acceptable 
diluents include but are not limited to sterile water, saline, buffered saline, dextrose solution, 
and the like. 

The formulation may include a carrier. The carrier is a macromolecule which is soluble in 
the circulatory system and which is physiologically acceptable where physiological 
acceptance means that those of skill in the art would accept injection of said carrier into a 
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patient as part of a therapeutic regime. The carrier preferably is relatively stable in the 
circulatory system with an acceptable plasma half life for clearance. Such macromolecules 
include but are not limited to Soya lecithin, oleic acid and sorbitan trioleate, with sorbitan 
trioleate preferred. 

The formulations of the present embodiment may also include other agents useful for pH 
maintenance, solution stabilization, or for the regulation of osmotic pressure. 

Aerosol Dry Powder Formulations. It is also contemplated that the present aerosol 
formulation can be prepared as a dry powder formulation comprising a finely divided powder 
form of pharmaceutical composition of the present invention and a dispersant. 

Formulations for dispensing from a powder inhaler device will comprise a finely divided dry 
powder containing pharmaceutical composition of the present invention (or derivative) and 
may also include a bulking agent, such as lactose, sorbitol, sucrose, or mannitol in amounts 
which facilitate dispersal of the powder from the device, e.g. , 50 to 90% by weight of the 
formulation. The pharmaceutical composition of the present invention (or derivative) should 
most advantageously be prepared in particulate form with an average particle size of less 
than 10 mm (or microns), most preferably 0.5 to 5 mm, for most effective delivery to the 
distal lung. 

Methods of Treatment, Methods of Preparing a Medicament. In yet another aspect of the 
present invention, methods of treatment and manufacture of a medicament are provided. 
Conditions alleviated or modulated by the administration of the present derivatives are those 
indicated above. 

Dosages. For all of the above molecules, as further studies are conducted, information will 
emerge regarding appropriate dosage levels for treatment of various conditions in various 
patients, and the ordinary skilled worker, considering the therapeutic context, age and 
general health of the recipient, will be able to ascertain proper dosing. Similarly, any person 
having skill in the art of medicine would be able to determine appropriate doses for 
individuals from corresponding in vitro or animal studies without undue experimentation. 

Administration with other compounds. For treatment of bacterial infections or related 
diseases one may administer the peptides of the present invention (or derivatives) in 
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conjunction with other antibiotics including penicillin-like antibiotics (including penicillin 
itself), aminoglygoside antibiotics, macrolide antibiotics, antifungals, tetracyclines, 
cephalosporins, chloramphenicol and the like. 

5 Thus, the peptides of the present invention can be delivered by topically, intravenous, 
intraarterial, intraperitoneal, intramuscular, or subcutaneous routes of administration. 
Alternatively, such a peptide, properly formulated, can be administered by nasal or oral 
administration. A constant supply of the peptide can be ensured by providing a 
therapeutically effective dose (i.e, , a dose effective to induce prokaryotic cell lysis in a 
10 subject) at the necessary intervals, e.g. , daily, every 12 hours, etc. These parameters will 
depend on the severity of the disease condition being treated, other actions, such as diet 
modification, that are implemented, the weight, age, and sex of the subject, and other criteria, 
which can be readily determined according to standard good medical practice by those of 
skill in the art. 

15 

A subject in whom administration of a peptide of the present invention is an effective 
therapeutic regiment for bacterial infections and inflammations is preferably a human, but 
can be any animal. Thus, as can be readily appreciated by one of any person having skill in 
the art, the methods and pharmaceutical compositions of the present invention are 

2 0 particularly suited to administration to any animal, particularly a mammal, and including, but 

by no means limited to, domestic animals, such as feline or canine subjects, farm animals, 
such as but not limited to bovine, equine, caprine, ovine, and porcine subjects, wild animals 
(whether in the wild or in a zoological garden), research animals, such as mice, rats, rabbits, 
goats, sheep, pigs, dogs, cats, etc., avian species, such as chickens, turkeys, songbirds, etc., 
25 i. e. , for veterinary medical use. 

The various peptides of the present invention, corresponding peptide analogs, nucleic acids 
encoding the same, and pharmaceutical compositions containing the same may be used in the 
treatment and or prevention of any disease caused by a bacterium, such as by, 

3 0 Staphylococcus aureus, Acinetobactor, Enterococcus faecalis, Escherichia coli, 

Pseudomonas aeruginosa, all of which can cause blood poisoning among other ailments; 
Mycobacterium tuberculosis which causes tuberculosis; Shigella dysenteria which causes 
dysentery; and Neisseria gonorrhoeae which causes gonorrhoea. As exemplified below, in 
preferred embodiment, a peptide is identified that is useful in the treatment of infections due 
35 to Streptococcus pneumoniae, a bacterial species that causes blood poisoning, middle ear 
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infections, pneumonia, and meningitis in humans. 

The present invention may be better understood by reference to the following non-limiting 
Examples, which are provided as exemplary of the invention. The following examples are 
5 presented in order to more fully illustrate the preferred embodiments of the invention. It 
should in no way be construed, however, as limiting the broad scope of the invention. 



EXAMPLE 1 

10 IDENTIFICATION OF AN ANTIBIOTIC PEPTIDE FROM STREPTOCOCCUS 

PNEUMONIAE 
Introduction 

All bacteria contain lytic enzymes that sever the peptidogjycan of the bacterial cell wall to 
allow bacterial growth. For unknown reasons, some bacteria activate these enzymes in 
15 stationary phase so as to undergo suicidal lysis (e.g., pneumococcus, Haemophilus 

influenzae, and Neisseria species). Not surprisingly, these lytic enzymes are highly regulated 
to avoid autolytic suicide. Indeed, the antibiotic penicillin kills bacteria by activating these 
nascent lytic enzymes. 

2 0 Pneumococcus is a particularly good model system for identifying novel antibiotics which 
act independently of these lytic enzymes because pneumococcus contains only one such lytic 
enzyme, the autolysin Lyt A. Therefore, the loss of LytA function, e.g. due to a mutation 
such as in Lyt 4-4, provides a strain which can be killed only by activity independent of Lyt 
A. Pneumococcus naturally activates Lyt A when the cells are in stationary phase. 

2 5 Therefore, natural activators of Lyt A would be anticipated to be present during stationary 

phase. However, no such natural activator of Lyt A has been identified to date. 

Antibiotics exhibit a range of activities useful in controlling infections. All useful antibiotics 
inhibit bacterial growth (bacteristasis). Some useful antibiotics also kill bacteria 

3 0 (bactericidal). This is a particularly useful property since the course of treatment is often 

shorter if the antibiotic is bactericidal. Bactericidal antibiotics usually engender bacterial 
lysis as part of the mechanism of killing. 

However, it has been suggested that bacterial lysis contributes to inflammation and can 
3 5 transiently worsen the course of disease. Thus, the optimal antibacterial effect is to kill 




69 

bacteria without lysis. For pneumococci, and several other common pathogens, killing by 
any antibiotic is always accompanied by lysis because of the activity of the autolysin, which 
is obligately tied to bacterial killing by these drugs. The characterization of the peptide to 
follow demonstrates that it is a bactericidal agent that kills autolysis prone pneumococci 
5 without lysis. This is a novel and highly desirable activity. 



Methods 

Peptide Synthesis: Peptides were synthesized in the Center for Biotechnology at St. Jude 
Children's Research Hospital using a Perkin-Elmer Applied Biosystems 43 3 A peptide 
10 synthesizer. Synthesis was done with preloaded p-hydroxymethylphenoxymethyl 
-polystyrene (HMP) resins (Applied Biosystems) using 1-hydroxybenzotriazole/ 
,«! 2-(l H-benzotriazol- l-yl),-l,l ,3 ,3-tetramethyluronium hexafluorophosphate (HOBt/HBTU) 

l O coupling methods on 9-fluorenylmethyloxycarbonyl (FMOC) protected amino acids. In 

■ . 5 

... 

q some cases, the first amino acid was manually loaded on a chlorotrityl chloride resin 

! ^ = 15 (Calbiochem) according to the manufacturer's instructions prior to placing the resm in the 

: jfji 

lg synthesizer. FMOC protected amino acids were obtained from Anaspec. For peptides 

^ containing more than one arginine, protected arginines with pentamethyl- 

□ dihydrobenzofuransulfonyl (Pbf) and 2,2,5,7, 8-pentamethyl-chroman-6-sulfonyl (Pmc) side 

!ij chain protection were alternated throughout the peptide sequence. Phosphoserine was 

Ln 2 0 incorporated as the FMOC-Ser(benzyl-phospho) protected amino acid (Calbiochem). 

^ Phosphotyrosine was incorporated as FMOC-Tyr(pimethyl-phospho) derivatives. If 

conductivity measurements of the FMOC removal step fell below acceptable levels, the 
instrument automatically adds a second extended coupling of DMSO of the next amino acid 
and adds and acetic anhydride capping step. In some cases, a second extended coupling in 

2 5 dimethyl sulfoxide (DMSO) was manually inserted into the cycle to improve efficiency on 

difficult sequences. In the event that the coupling is still incomplete, a third extended 
coupling step is performed with 0.4 M LiCl added in the coupling step. Cleavage is 
performed in 89% TFA, 2% ethanedithiol, 4% thioanisole, 4% phenol, and 7% water (the 
water is omitted in the case of amino terminal glutamic acid) at room temperature for 2 

3 0 hours. For peptides containing more than two arginines, cleavage time was extended by one 

hour for each additional arginine. Peptides containing phosphotyrosine were cleaved by one 
hour for each additional arginine. Peptides containing phosphotyrosine were cleaved in 69% 
TFA, 11% thioanisole, 6% ethanedithiol, 13% trimethylsilyl bromide and 2% m-cresol at 
4°C overnight. Cleaved peptides were recovered and precipitated with cold diethyl ether, 
3 5 then dissolved in water and lyophilized. Peptides containing phophotyrosine were dissolved 
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in 5% ammonium bicarbonate and desalted onNAP°2^columns (Pharmacia) with water as 
the ehient. 



Genome Analysis: Genome analysis was performed using the FASTA, TFASTA, BLAST, 
and BLASTN programs. Nucleotide sequence SEQ ID NO:l or amino acid sequence SEQ 
ID NO:2 were used to search existing public databases containing the multiple bacterial 
genomes. Homologues were found in Methanococcus, Haemophilus, Archaeo globus, 
Borrelia, and Synechocystis. 

Cell growth curves were performed in the presence or absence of the test reagents as 
specified. In short, samples were prepared as follows: 1 ml of a pneumococcus culture was 
placed into 10 ml of prewarmed Semisynthetic (C+Y) medium. The optical density (OD) of 
the bacteria was monitored at 620 nm until an OD of approximately 0.1 was reached. At this 
point the test reagents were administered to the samples. The cells were cultured for up to 1 1 
hours at 37° Celsius, and the OD at 620 nm was monitored every hour. A decrease in OD 
620 is indicative of cell lysis, an increase is indicative of bacterial growth. No change in 
optical density indicates growth inhibition. 

Results 

The open reading frames in a gene cluster encoding an ABC transporter and a two 
component His-Asp phosphorelay pathway of Streptococcus pneumoniae were examined in 
pursuit of a putative peptide that might be involved in autolysis. Open reading Frames Wl 
having a nucleic acid sequence of SEQ ID NO:21, and encoding the amino acid sequence of 
SEQ ID NO:22, W2 having a nucleic acid sequence of SEQ ID NO:19, and encoding the 
amino acid sequence of SEQ ID NO:20, and W3 having a nucleic acid sequence of SEQ ID 
NO:17, and encoding the amino acid sequence of SEQ ID NO:18 together encode an ABC 
transporter [see ORF W1-W3 in Figure 1, note that W3 is in between Wl and W2]. These 
sequences are just upstream of open reading frame RR/HK which encodes a response 
regulator (RR) having a nucleic acid sequence of SEQ ID NO:15, and an amino acid 
sequence of SEQ ID NO: 16, and a sensor histidine kinase (HK) having a nucleic acid 
sequence of SEQ ID NO:13, and an amino acid sequence of SEQ ID NO:14. 



An additional short open reading frame is located in between ORF W1-W3 and RR/HK at 
approximately position 6500 (P). This short open reading frame (P) has a nucleotide 
sequence of SEQ ID NO:l and encodes a number of peptides including a peptide containing 
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twenty-five amino acids having an amino acid sequence of SEQ ID NO:2; a peptide 
containing twenty-seven amino acids having an amino acid sequence of SEQ ID NO:44; and 
a peptide containing thirty amino acids having an amino acid sequence of SEQ ID NO:48. 

The peptide having amino acid sequence SEQ ID NO:2 was chemically synthesized and 
tested for growth inhibiting, killing and lytic activity in Streptococcus pneumoniae cultures. 

To characterize the antibacterial activity of the peptide, pneumococcal strain R6 which is 
sensitive to penicillin was exposed to 0.1 mM of the peptide having the amino acid sequence 
of SEQ ID NO:2 at an optical density of 0.01 (bacterial density of 3 x 10 6 cfu/ml). Bacterial 
growth as measured by optical density was followed for 1 1 hours and viability was assessed 
by plating on blood agar. As shown in Figure 2 A, the peptide completely inhibited growth of 
the bacteria. No lysis was detected. Further, the bacteria were rapidly killed as shown in 
Figure 2B. Four hours after the start of the experiment, the control strain grew from 3 x 10 6 
to 1.2 x 10 7 cfu/ml. In contrast, four hours after addition of the peptide, the viable bacterial 
number decreased from 3 x 10 6 to 3 x 10 4 CFU/ml (10 3 -fold lower than the control). 

This antibacterial effect was also demonstrable in bacteria mutated so as to prevent autolysis 
by point mutation in the autolysin, as in the autolysin deficient strain Lyt 4-4. As shown in 
Figure 3, the bactericidal activity of the peptide was demonstrable in strain Lyt 4-4 despite 
the absence of autolytic activity. 

These results demonstrate that the peptide having an amino acid sequence of SEQ ID NO:2 
not only kills wild type bacterial cells but, more importantly, kills Lyt A mutant tolerant 
strains as well. Furthermore, as shown below in Example 9, it activates lysis of growth 
arrested cells where penicillin alone fails. Therefore the results disclosed herein indicate that 
the mechanism of action of the antibiotic peptide differs from that of penicillin and is novel. 
Furthermore, these results demonstrate that the mechanism of action of the antibiotic peptide 
is novel in that it is independent of LytA and of bacterial growth arrest. 

EXAMPLE 2 
DOSE RESPONSE OF THE PEPTIDE 



To determine the range of concentrations of the peptide (having the amino acid sequence of 
SEQ ID NO:2) that displayed antibacterial activity, pneumococcal strain R6 was subjected to 
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various amounts of peptide and the rate of growth was measured as optical density of the 
culture over a period of 4 hours. As shown in Figure 4, the peptide exhibited a dose 
dependent antibacterial activity. The minimum effective concentration was found to be 50 - 
100 nM. The molecular weight of the peptide is 2940, indicating that the minimum effective 
5 concentration (MEC) can be defined as 50 - 100 nM or 0.15 - 0.3 |ug/ml. Addition of more 
peptide was more effective at inducing growth arrest. This behavior is distinct from all other 
antibiotics described to date which have a clear cut minimum inhibitory concentration (MIC) 
above which all antibacterial activity is manifest and can not be increased further, i.e. 
increasing the dose above approximately 10 x MIC does not further increase antibacterial 
1 0 efficacy. The fact that the peptide is active in the range below 1 |ng/ml places the potency of 
its antibacterial effect in the same range as conventional antibiotics. 



EXAMPLE 3 

15 EFFECT OF PEPTIDE SEQUENCE ON BIOACTIVITY 

The ability of the peptide to inhibit bacterial growth was compared using the native sequence 
and several variant sequences. Variants tested are as follows with the changes in sequence 
underlined. (Note: Peptide 7 was not tested): 

20 

original sequence (Peptide 1): MRKEFHNVLSSGQLLADKRPARDYN (SEQ ID NO:2) 
Peptide 2: (24Y-A): MRKEFHNVLS SGQLLADKRPARDAN (SEQ ID NO:6) 
Peptide 3 : (1 1 S-A): MRKEFHNVLS AGQLLADKRPARDYN (SEQ ID NO:4) 
Peptide 4: (14N truncate): MRKEFHNVLS S G QL (SEQ ID NO:8) 

2 5 Peptide 5: (1 1C truncate): LADKRPARDYN (SEQ ID NO:10) 

Peptide 6: (27): MRKEFHNVLS S G QLL ADKRP ARD YNRK (SEQ ID NO:44) 

Peptide 7: (27, 1 1S-A) MRKEFHNVLSAGQLLADKRP ARD YNRK (SEQ ID NO:47) 



As shown in Figure 5, peptides at 100|iM concentration were added to growing R6 cells at an 
3 0 OD 620 nm of 0. 1 . R6 with no peptide was the control and underwent exponential growth. 
The native peptide sequence having SEQ ID NO:2 (Peptide 1) demonstrated a significant 
delay in the onset of bacterial growth consistent with previous documentation of antibacterial 
activity. Peptide 6 having SEQ ID NO:44 and containing two additional c-terminal amino 
acids had the same effect, (although not shown in the figure). Exponential growth equal to 
3 5 untreated bacteria was observed with Peptides 4 and 5 indicating that the N-teradnal or 
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C-terminal end of the peptide by themselves have a markedly decreased anti-bacterial 
activity. Furthermore, the loss of the carboxypenultimate tyrosine (in this case replacement 
by alanine) in Peptide 2 also led to greatly decreased anti-bacterial activity. In direct 
contrast, Peptide 3 showed a greatly enhanced antibacterial effect, indicating that changing 
5 the serine-serine to serine-alanine was a preferred modification of the peptide. This 

enhanced activity may result from an improvement in folding of the peptide or greater access 
to the bacterial target. 

The DNA sequence encoding the peptide, having the amino acid sequence of SEQ ID NO:2, 
1 0 has an alternative methionine initiation site nine nucleotides upstream of the start site for 
transcription of the native peptide. To determine if this peptide, which is three amino acids 
longer, was antibacterial, the following peptide was synthesized (changes underlined): 

MEF MRKEFHNVLSSGOLLADKRPARDYN (SEQ ID NO: 12) 

15 

This peptide demonstrated no antibacterial activity against R6 suggesting that at least this 
extension of the amino tenninus is not a desirable modification of the peptide. 

EXAMPLE 4 

2 0 OTHER FEATURES OF THE ANTIBIOTIC ACTIVITY OF THE PEPTIDE 

Strains of pneumococcus that are tolerant to penicillin, such as Lyt 4-4, grow in long chains 
as compared to the diplococcal morphology of wild type pneumococci. Figure 6A illustrates 
these chains, which extend to 30-50 bacteria in length. Addition of the peptide to the 

2 5 medium (0.5 mM concentration) results in reversion of the chains to diplococci as seen in 

Figure 6B. This change in bacterial morphology demonstrates that the activity of the peptide 
can override a loss in Lyt A activity, thereby further demonstrating the ability of the peptide 
to overcome tolerance. 

30 EXAMPLE 5 

THE PEPTIDE IS CO-TRANSCRIBED WITH THE CONTIGUOUS ABC 

TRANSPORTER 

The gene encoding the peptide lies in the intergenic region between the ABC transporter 

3 5 complex ORF W and the two component response regulator/histidine kinase, (RR/HK) 
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system To establish that the peptide is transcribed in wild type pneumococci, Northern 
analysis was performed. Total RNA was prepared according to the Qiagen manufacturer's 
protocol. 20(ig of RNA was separated in a 1.2% formaldehyde gel. The gel was rinsed and 
RNA was transferred to nylon membranes (Hybond-N, Amershame, Inc.) by capillary 
5 blotting. A PCR fragment was generated by primers flanking the gene for the peptide but 
within the intergenic region between the ABC transporter and the RR/HK:5' 
AATG AGTCTAG AATAAAG ATTGC 3\ (9 residues downstream of the tenrmation codon 
of ORF W2) and 3* CCCATCCATAAATAAGATTCT5T(beginning at the C at the second 
residue in the termination codon of the peptide). The PCR fragment was labeled with 

10 <x 32 P[dCTP] and used as a probe for the product of the peptide gene. Northern analysis of 
pneumococcal RNA indicated a single transcript at slightly larger than 1.4 kB (Figure 7). 
The size indicates the peptide is most likely co-transcribed with the contiguous upstream 
ORF W3 in the ABC transporter system This further indicates that similar peptides in other 
bacterial species may maintain this geographic location being close to an ABC transporter. 

15 The peptide may alternatively be contiguous to a RR/HK. This may be preferred as it is 

reasonable to suggest that the transporter and two component RR/HK system may participate 
in the biological effect of the peptide. 

EXAMPLE 6 

2 0 MUTANTS OF THE ABC TRANSPORTER AND TWO COMPONENT fRR/HIO 

SYSTEM 



Bacterial strains and growth conditions: The parental strain of S. pneumoniae used in these 
studies was R6x [Tiraby et al., Proc. Natl Acad. Sci. USA, 70:3541-3545 (1973)], a 

2 5 derivative of the unencapsulated Rockefeller strain R36A [Avery et al, /. Ex. Med., 79:137- 

158 (1944)]. Pneumococci were routinely grown on tryptic soy agar (TSA, Difco) 
supplemented with sheep blood to a final concentration of 3% (v/v). For growth in liquid 
culture, the bacteria were grown in a semi-synthetic casein hydrolysate medium 
supplemented with yeast extract (C+Y, [Lacks et al, Biochem. Biophys. Acta, 39:508-517 

3 0 (I960)]). For the selection and maintenance of pneumococci containing chromosomally 

integrated plasmids, bacteria were grown in the presence of 1 |ig/ml erythromycin and/or 250 
|ng/ml kanamycin. 

The expression of LytA was assessed by immunoblot of crude autolysin preparations. 
3 5 Bacteria were grown to OD 620 of 0. 1 , centrifuged at 5000xg for 10 min and resuspended in 
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200 |il prechilled 20 mM KP0 4 buffer. The suspension was quick frozen in a mixture of dry 
ice and ethanol, slowly thawed on ice and sonicated with glass beads for 1 min. The 
supernatant was centrifuged at 16000 x g for 45 min at 4°C and frozen at -20°C The 
autolysin preparation was analyzed by 10% sodium dodecyl sulfate polyacrylamide gel 
electrophoresis and by immunoblotting after electrophoretic transfer to Immobilon-P 
membranes (Millipore Corporation, Bedford, MA). The membrane was incubated with 
rabbit polyclonal anti-autolysin antiserum (1:1000) and developed using goat anti-rabbit 
horseradish peroxidase conjugated anti-IgG (1:10,000; ECL Chemiluminescence Kit, 
Amersham). 

DNA sequencing: The nucleotide sequences were amplified by PCR. Products were gel 
purified and sequenced at the St. Jude Center for Biotechnology. 

Construction of mutations: Insertion duplication mutagenesis was carried out using PCR to 
generate gene fragments for homologous recombination proximal to the amino terminus of 
Orf Wl, HK or RR as follows: 

OrfWl: 435 bp gene fragment spanning residues 473 (EcoRl site) to 908 (BamHl 
site) of SEQ ID NO:21. 

RR: 371 bp gene fragment spanning residues 142 (EcoRl site) to 513 (BamHl site) 
of SEQ ID NO: 15. 

HK: 411 bp gene fragment spanning residues 279 (EcoRl site) to 690 (BamHl site) 
of SEQ ID NO:13. 

PCR fragments were ligated into pJDC9. Selection for double crossover homologous 
recombination was made using erythromycin and the insertion was confirmed by PCR. 

Phenotypes of the mutants: The mutants were assessed for various physiological functions 
characteristic of pneumococci. This included lysis by penicillin, vancomycin, and the 
detergent deoxycholate (DOC). Other capabilities tested included ability to undergo natural 
DNA transformation (Transform) and expression of the LytA protein as assessed by Western 
blot. All mutants grew at the normal 30-40 minute doubling time and formed the classical 
diplococcal morphology. The data are summarized in the Table below. 
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TABLE 2 



Gene 


Lysis by: 


DNA 


Expression of: 




Penicillin 


Vancomycin 


DOC 


Transform 


LvtA 


Orf Wl 


tolerant 


tolerant 


no 


deficient 


present 


RR 


sensitive 


sensitive 


yes 


normal 


present 


HK 


tolerant 


tolerant 


yes 


normal 


present 
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Conclusion 

These mutant cells are useful for a screen for novel antibiotics that are effective against 
penicillin and/or vancomycin tolerant bacterial strains. 



15 



20 



25 



30 



ACTIVITY OF THE PEPTIDE ON MUTANTS IN THE CONTIGUOUS ABC 
TRANSPORTER AND TWO COMPONENT SYSTEM 

As described in Example 6, using insertion duplication mutagenesis, loss of function 
mutations were obtained in each of the 3 open reading frames of the ABC transporter and 
each of the two parts of the RR/HK. All 3 mutants displayed a similar phenotype. They 
failed to lyse and die with growth inhibitory concentrations of penicillin, i.e. both 
characteristics of tolerance. These parallel phenotypes further implicate these 
topographically close genes in a common pathway. 

In addition to tolerance to penicillin, they also exhibited tolerance to vancomycin. 
Vancomycin is the only antibiotic that maintains efficacy against many strains of highly 
antibiotic resistant bacteria, such as staphylococci, enterococci and pneumococcL Escape 
from antibiotic activity of vancomycin has been detected in rare staphylococci and 
enterococci but not in pneumococci as yet. This is an important issue as such a development 
would suggest an end to the ability to effectively treat these pathogens since there are no 
alternative antibiotics effective against multiply resistant strains [Friedland et al. f Pediatr, 
Infect, Dis. J., 12:196-200 (1993); Martoner al, J. Infect Dis., 163:542-8 (1991); and 
Bradley et aL, Pediatr. Infect. Dis., 14:1037-1041 (1995)]. The commonality of the 
phenotype of the mutants in these contiguous genes suggests that they participate in the same 
biological pathway. If they created a phenotype which was corrected by exogenous peptide, 
they may participate in the biological activity of the peptide. For instance, the ABC 
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transporter may transport the peptide and the HK may serve as an extracellular receptor for 
the peptide which then changes the behavior of the bacteria (i.e. killing) via a RR signal. 
Such a paradigm for transport and sensing of the peptide has been demonstrated for the 
property of competence for DNA transformation in pneumococci [Havarstein et al, Proc. 
5 Natl Acad, Scl USA, 92: 1 1 140-1 1 144 (1995); Havarstein et al, Mol Microbiol, 21:965- 
971 (1996); Hui et al, J. Bacteriol, 173:372-381 (1991); and Cheng et al, Mol Microbiol, 
23:683-692 (1997)]. 

To test this hypothesis the ability of the peptide having the amino acid sequence of SEQ ID 
10 NO:2 to maintain antibacterial activity in the mutants was examined. The peptide was not 
able to inhibit growth of the mutant in ORF Wl suggesting that the ABC transporter is 
needed for the bacteria to respond to the peptide even if added from the outside. The peptide 
also did not function to inhibit the growth of the RR/HK mutants suggesting that the 
presence of this two component system is required for activity of the peptide even if added 
1 5 exogenously, a finding compatible with the RR/HK being a receptor for the peptide or its 

signal. These results demonstrate that the peptide will be active against bacteria that harbor 
an appropriate homologous RR/HK, in particular streptococci, enterococci, and 
staphylococci Furthermore, bacteria which are tolerant by virtue of phenotypic tolerance 
due to slow growth rate or mutations in genes other than the RR/HK will be susceptible to 

2 0 the antibacterial effect of the peptide. 

EXAMPLE 8 

ACTIVITY OF THE PEPTIDE ON A CLINICAL ISOLATE OF PNEUMQCOCCUS 
HIGHLY TOLERANT TO PENICILLIN AND VANCOMYCIN 

25 

Tolerance to penicillin occurs in bacteria that fail to trigger autolysins in response to the 
drug. Thus, they do not undergo the classical antibiotic induced lysis and death. This is a 
mechanism of resistance to these drugs and is a serious emerging medical problem While 
tolerance to penicillin is commonly shared with other P lactam antibiotics such as 

3 0 cephalosporins, this tolerance does not routinely extend to other classes of antibiotics such as 

vancomycin. However, one pneumococcal strain that fails to lyse and dies slowly in 
response to both penicillin and vancomycin is the clinical isolate A144. This combination of 
traits makes A144 recalcitrant to therapy. Figure 8 compares the activity of penicillin, 
vancomycin, and the peptide against a classical sensitive strain, R6, and the tolerant strain 
3 5 A144. R6 is killed >3 logs by all three therapies within one hour. In contrast, strain A144 
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loses only 0.5 logs of viability in the same time period for all three therapies. Addition of the 
peptide (0. 1 mM) early in the growth cycle, however, (Figure 9) significantly inhibits the 
growth of strain A144 for 4 hours. Thereafter the bacteria grew more slowly than untreated 
controls. These data show that the peptide has bacteriostatic antibacterial activity against 
5 strain A144 that is greater than conventional antibiotics although its bactericidal activity is 
similar. 



EXAMPLE 9 

ABILITY OF THE PEPTIDE TO S YNERGIZE WITH PENICILLIN ON 
10 PHENOTYPICALLY TOLERANT BACTERIA 



When bacteria grow slowly or stop growing due to nutrient deprivation, they become tolerant 
to antibiotics of all classes. This is relevant to the clinical setting because many body sites 
do not provide adequate nutrients for optimal bacterial growth and therefore bacteria 

1 5 commonly grow slowly. This prolongs the course of antibiotics needed to treat these 
infections. For instance, many weeks of therapy are required to treat endocarditis and 
osteomyelitis secondary to slowly growing bacteria. An in vitro example of phenotypic 
tolerance is shown in Figure 10 where pneumococcus R6 has been transferred at time 0 to a 
medium lacking the essential amino acid lysine. Penicillin was added 5 min after the 

2 0 transfer. Normally penicillin lyses R6 within one hour of addition at 10 x MIC. However, 
these non-growing bacteria show only a minimal response to penicillin and viability is 
unaffected (phenotypic tolerance). This same response is seen with the peptide. However, 
the addition of the peptide and penicillin together causes a dramatic lysis and loss of 
viability. These results indicate that the peptide in combination with P lactam antibiotics can 

25 be used to overcome phenotypic tolerance and improve the bactericidal effect of 
conventional antibiotics. 



EXAMPLE 10 

ABILITY OF THE PEPTIDE TO ACT SYNERGETISTICALLY WITH PENICILLIN IN 
3 0 CELLS HAVING NON-FUNCTIONAL HK AND/OR ABC TRANSPORTER GENES 



F79 is a natural isolate of pneumococcus with mutations in the HK and the ABC transporter 
genes as determined by SSCP (see Example 1 1). This strain is tolerant to penicillin and 
vancomycin. Addition of the peptide together with penicillin overcomes the tolerance and 
3 5 enables bacteriolysis, as shown in Figure 1 1 A Figure 1 IB shows that a mutation in HK 
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created in the laboratory (strain Van S) mimics the phenotype of the clinical isolate F79. 
Specifically, the addition of peptide together with penicillin overcomes the tolerance of the 
HK mutant to penicillin alone. It should be noted that strain Van S is not responsive to 
peptide alone, consistent with HK functioning as the receptor for the peptide. 

5 

These experiments demonstrate that the novel peptide could be a useful drug for treatment of 
infections by these types of tolerant strains. Van S could be a useful strain for screening for 
antibacterial compounds. 

10 EXAMPLE 11 

SSCP ANALYSIS OF CLINICAL ISOLATES AS AN EPIDEMIOLOGICAL TOOL TO 

TRACK TOLERANCE 



The tolerance genes can serve as genetic markers for clinically tolerant strains. The 
1 5 frequency of defects in HK/RR/orfW in clinical isolates can be determined using 

single-strand conformation polymorphism (SSCP). This technique rapidly detects even 
single base pair changes in DNA sequence and is suitable for analyzing a large number of 
strains quickly [Stone et al, Science, 275:668-670 (1997)]. 

2 0 Method: Primers were selected from available sequence of HK, RR, and orfW. PCR 

amplification products were evaluated by SSCP analysis as follows. 12 ng of DNA is used 
for the template in an 8 (il PCR mixture containing 1.25 jul buffer, 300 jaM deoxynucleotides, 
1 pmol primer, 0.25 units Taq polymerase. S amples are denatured for 5 min at 94 °C and 
incubated for 35 cycles of the following: 94°C x 30s, 55 °C x 30s, 72 °C x 30s. After 

2 5 amplification and addition of stop solution, products are denatured for 3 minutes at 94 °C and 

electrophoresed on 6% polyacrylamide-5% glycerol gels at 25 W for 3 hours. Gels are 
stained with silver nitrate as described by Bassamef al. f [Anal. Biochem., 196:80-83 (1991)]. 
Differences are confirmed by direct DNA sequencing. 

3 0 A comparative analysis of two clinical isolates by SSCP is shown in Figure 12. Each isolate 

is studied in five lanes. A control lysis prone pneumococcus is shown in lanes 1-5. F79, a 
tolerant isolate is shown in lanes 6-10. Note the difference in the pattern in lanes 1 versus 6 
and lanes 2 versus 7. These two differences indicate two changes in the sequence of the gene 
analyzed (HK) in the F79 isolate compared to the control. This pattern therefore identifies a 
3 5 clone of one type of tolerance mutation. Such testing and identification is important to the 
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epidemiological study of the spread of resistance traits. 

EXAMPLE 12 

5 VANCOMYCIN TOLERANCE IN STREPTOCOCCUS PNEUMONIAE: A DEATH 

SIGNAL PEPTIDE REGULATED BY A TWO COMPONENT SYSTEM 

Introduction 

Regulation of autolysin activity is believed to occur on the post-translational level. For 
10 example, the expression of most hydrolases is constitutive throughout the cell cycle 

[Hakenbeck and Messer, Eur. J. Biochem. 129:1239-1244 (1977); Ronda et al. , Antimicrob. 
Agents Chemother, 38:231 1-21 16 (1994)]. Expression of the pneumococcal autolysin gene 
from a plasmid in an autolysin deficient strain not only leads to the expected rapid lysis at 
the end of the exponential phase, but also autolysin activity during exponential phase is 
15 curtailed like the wild type [Ronda et al, Antimicrob. Agents Chemother, 38:231 1-21 16 

(1994)]. This indicates regulation of autolysin independent of transcription of the autolysin 
itself. In addition, murein hydrolases are continuously present on the cell surface and since 
triggering of wall hydrolysis does not require the synthesis of new enzyme [Kitano and 
Tomasz, Antimicrob. Agents Chemother, 16:838-848], these surface located enzymes are 

2 0 always potentially capable of hydrolytic activity. Possible post-translational regulatory 

mechanisms include control at the site of transport [Tuomanen and Tomasz, Scand. J. Infect. 
Dis. Suppl, 74:102-1 12 (1990)], specific activation of the enzyme by substrate modification 
[Goodell and Tomasz, J. Bacteriol, 144:1009-1016 (1980)], or activation-inhibition by 
cofactors. 

25 

A striking example of physiological down regulation of autolysis occurs during amino acid 
deprivation, which instigates the stringent response [Cashel et al., In "Escherichia coli and 
Salmonella: cellular and molecular biology, Neidhardt et al., eds., Washinton, D.C.: ASM 
Press (1996)]. Starved bacteria bind antibiotic normally, but do not lyse and do not rapidly 

3 0 die. Upon starvation, bacteria rapidly accumulate guanosine 3', 5'-bispyrophosphate 

(ppGpp), which is synthezised by ppGpp synthetase I, a ribosome associated enzyme 
encoded by the relA gene [Metzger et al, J. Biol. Chem., 263:15699-15704 (1988); Schreiber 
et al, J. Biol Chem., 266:3760-3767 (1991); Svitil et al, J. Biol. Chem., 268:2307-2311 
(1993)]. ppGpp in turn shuts down the synthesis of phospholipids [Sokawa et al, Biochem. 

% 
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Biophys. Res. Commun., 33:108-112 (1968)] and cell wall peptidoglycan [Ishiguro and 
Ramey, /. Bacteriol ,127:1 1 19-1 126 (1976)]. In this setting antibiotic-induced lysis is 
blocked by an as yet uncharacterized defect in autolysin activation. 

5 This protection from lysis, termed phenotypic tolerance, is a capability of all bacteria and is 
an important source of residual bacteria despite antibiotic therapy of infections in vivo. 
Tolerance is of major clinical significance since it has been shown that the inability to 
eradicate tolerant bacteria leads to failure of antibiotic therapy and acquisition of resistance 
[Handwerger and Tomasz, Revs, Infect. Dis., 7:368-386 (1985); Tuomanen et aL, 

10 Antimicrob. Agents Chemother, 30:521-527 (1986); Tuomanen et aL, J. Bacteriol, 170:1373- 
1376 (1988A); Tuomanen et aL, J. Infect Dis., 158:36-43 (1988B)]. Studies have shown 
that the prevalence of antibiotic tolerance among clinical isolates of pneumococci reaches up 
to 20% [Tuomanen et aL, Antimicrob. Agents Chemother, 30:521-527 (1986)]. In contrast to 
the described phenotypic tolerance genetic changes causing antibiotic tolerance are also 

15 known. The most simple example of tolerance is the knockout of the autolysin gene, lytA 
[Tomasz et aL, Nature, 227:138-140 (1970)]. For reasons that are not clear, no clinical 
isolates have been found because of a deletion in the autolysin. Rather, clinical tolerance at 
the level of regulation of autolysin activity [Tuomanen et aL, J. Bacteriol, 170:1373-1376 
(1988A); Tuomanen et aL, J. Infect. Dis., 158:36-43 (1988B)]. 

20 

Methods 

Strains of pneumococci and growth conditions: S. pneumoniae strain R6 [Tiraby and Fox, 
Proc. Natl. Acad. Sci. U.S.A., 70:3541-3545 (1973)] was obtained from the Rockefeller 
University collection. The autolysin deficient strain, Lyt-4-4 was provided from the 

2 5 collection of Dr A. Tomasz, Rockefeller University. This strain is a stable point mutant 

created by chemical mutagenesis. 5. pneumoniae was cultured on tryptic soy agar (TS A, 
Difco, Detroit, MI, USA) supplemented with sheep blood 3% (v/v). For growth in liquid 
culture, the bacteria were grown at 37 °C without aeration in 5% C0 2 using a semi-synthetic 
casein hydrolysate medium supplemented with yeast extract (C+Y medium), [Lacks and 

3 0 Hotchkiss, Biochem. Biophys. Acta., 39:508-517 (I960)]. For the selection and maintenance 

of pneumococci containing chromosomally integrated plasnids, bacteria were grown in the 
presence of l//g/ml erythromycin (Sigma, St. Louis, MO, USA). 

Recombinant DNA methods: DNA ligations, restriction endonuclease digestions, agarose gel 
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electophoresis and DNA amplification by PCR were performed according to standard 
techniques [Sambrook et a/., "Molecular Cloning. A laboratory manual", second ed., Cold 
Spring Harbor Laboratory, Coldspring Harbor, N.Y. (1990)]. DNA purification and plasrrdd 
preparations were performed using kits from Qiagen (Qiagen, S. Clarita, CA, USA) and 
Promega/Wizard (Promega, Madison, WI, USA) according to the manufacturer's 
instructions. Transformation of E. coli with plasmid DNA was carried out with 
CaCl 2 -treated cells as described previously [Brown et ah, FEMS Microbiol Lett., 5:219-222 
(1979)]. Transformation of S. pneumoniae was performed according to standard protocols 
[Pearce et al. y Mol. Microbiol, 9:1037-1050 (1993)]. 



10 



Insert ional inactivation ofvexpl and vexp3: To create the knockout mutants the method of 
insertional duplication mutagenesis, which is a homology-directed insertion of foreign DNA 
was used [Haldenwang et al. y J. Bacteriol 142:90-98 (1980); Mejeanef al, Gene, 15:289- 
293 (1981)]. For insertional duplication mutagenesis of vexpl an internal 435 bp fragment 

15 (bp 473-908) was amplified using total DNA of R6 and evexpl (5'-ACG AAG AAT TCG M c _ . 
3 CTA AGA AGA ACG GT-3^) and bvexp2 (5'-ATT AAG GAT CCA GCT ATC AA-^) as 
primers. The PCR product was digested with BamHI and EcoRI. An identical strategy was 
used to knockout the other genes. The insertional inactivation of vexp3 was performed using 
3 the primers evexp3 (5'-ATC AAG GGA TCC ACT GCC AAG GC-3*) and bvexp3 (5*-AGA 

2 Q£ GGA GAA TTC CCA CTT CCT TGC Cj^). The resulting fragment was 900-bp long (bp 
106-906). The amplified fragments were ligated to pJDC9 and digested with BamHI and 
EcoRI [Chen and Morrison, Gene, 55:179-187 (1987)]. The resulting recombinant plasmids 
were then transformed into R6. Mutations were confirmed by Southern blot analysis. 

2 5 Penicillin and vancomycin susceptibility and autolysis rates: Autolysis rates of the strains 

were determined using 10 ml cultures of 5. pneumoniae exposed to ten times the minimal 
inhibition concentration (MIC) of benzylpenicillin (0. 1 mg/ml) when the OD 620nm reached 
0.25 to 0.3. Autolysis rates were calculated as the first order rate constant K = In (Ao/A 120 ) x 
nin \ where A<, represents the peak of absorbance reading at 620 nm and A 120 the reading 

3 0 after a further 120 min of incubation [Liu and Tomasz, /. Infect. Dis., 152:365-72 (1985)]. 

The effect of penicillin and vancomycin treatment on the viability was determined by 
exposing 10 ml cultures in the early exponential phase of growth (OD 620nm = 0.3, 
corresponding 5 x 10 7 cfu/ml) to ten times the MIC of benzylpenicillin or vancomycin, 
respectively. After various times of exposure, 100 y\ portions were removed, serially diluted 
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in C+Y and in the case of penicillin supplemented with 100 units of penicillinase (Sigma), 
and plated on tryptic-soy agar supplemented with 3 % sheep blood (v/v). 

Subcellular fractionation: Pneumococci were separated in subcellular fractions by a 
5 modification of a previously described method [Hakenbeck et al. 9 Antimicrob. Agents 

Chemother,, 30:553-558 (1986)]. Briefly, bacteria were grown in 10 ml of C+Y medium to 
an OD 620am of 0.9, and isolated by centrifugation 17,000 x g for 10 min. The supernatant was 
harvested and stored at -70°C. Cell pellets were resuspended in 250 iA of TEP (25 mM 
Tris-HCl pH 8.0, 1 mM EDTA, 1 mM phenyl methyl sulphonyl fluoride). The suspension 

10 was sonicated for a total of 4 min with 15 second bursts. Cellular debris was removed by 
centrifugation at 17,000 x g for 10 min. The bacterial membranes and the cytoplasmic 
contents were separated by centrifugation at 98,000 x g for 4 hours. The supernatant from 
this final step contained the cytoplasmic fraction while the pellet contained the bacterial 
membranes. S amples from each fraction were evaluated for protein content and solubilized 

15 in SDS sample buffer for subsequent gel electrophoresis. 

Peptide synthesis: Edman degradation was performed with a Perkin-Elmer Applied 
Biosystems 433A automatic sequencer. The synthetic peptide was prepared by the Center 
for Biotechnology at St. Jude Children's Research Hospital. The supplier reported that 
analysis by HPLC showed the peptide was 90% pure and that mass spectrographs analysis 
demonstrated the predicted mass for the peptide. 

Immunoblotting: The peptide P27 was analyzed by running precasted 16.5% Tris-Tricine 
gels (BioRad, C A) and by Western blotting using Immobilon-P membranes (Millipore 

2 5 Corporation, Bedford, MA). The membranes were incubated with polyclonal rabbit anti-P27 

antibody (1 :2000). The membranes were developed using goat anti-rabbit horseradish 
peroxidase (ECL Chemiluminescence Kit, Amersham, Buckinghamshire, England). 

Northern blot: Total RNA was prepared according to the manufacturers instructions 

3 0 (Qiagen). Approximately 10 to 20 fig of total RNA was separated in a 1.2% formaldehyde 

gel. The gel was rinsed in 20 x SSC buffer and RNA was transferred to nylon membranes 
(Hybond-N-, Amersham) by capillary blotting [Sambrook et al. y "Molecular Cloning. A 
laboratory manual", second ed., Cold Spring Harbor Laboratory, Coldspring Habor, N.Y. 
(1990)]. A 435-bp PCR fragment generated by primers evexpl and bvexpl was used as the 
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vexpl -specific probe. A 900-bp PCR fragment generated by primers evexp3 and bvexp3 was 
used as the vexpJ-specific probe. The 261-bp specific probe for p28 (which encodes P27) 
was created by the primers ep28 and bp28. A 371 -bp PCR fragment generated by the 
primers evncR and bvncR was used as the vncS -specific probe. A 41 1-bp PCR fragment 
5 generated by the primers evncS and bvncS was used as the vncR-specific probe. The probes 
were labeled with a 32 P[dCTP] (Amersham). Hybridization under stringent conditions was 
performed according to standard protocols. 

Computer-assisted sequence analysis: Sequence analysis and alignments were conducted 
1 0 with the program DNA-Star and with Genetics Computer Group sequence analysis software 
package. The computer program BLAST [Altschul et aL, J. Mol Biol, 215:403-410 (1990)] 
was used to search for amino acid sequences that were homologous to the gene products of 
vexpl, vexp2, vexp3, p28, vncR and vncS. 

15 Results 

To detect genes that are part of the trigger pathway of the pneumococcal autolysin a library 
of loss of function mutants has been created, which was screened for antibiotic tolerance 
[Pearce et aL, Mol. Microbiol, 9:1037-1050 (1993)]. The screen identified 17 mutants, 
which had an active autolysin, but failed to die in the presence of penicillin. One mutant, 

2 0 SPS J01 , also failed to die in the presence of vancomycin, a further analysis of the affected 
genes revealed a two component regulatory system, VncS -VncR, controlling the activity of 
autolysin. It is reasonable to assume that this two component system represents the start of 
the pneumococcal autolytic trigger pathway, functioning as a relay station reacting to cell 
density signals or the binding of antibiotics to penicillin binding proteins. Similar to the 

2 5 enterococcal histidine kinase VanS B , the pneumococcal VncS works most likely as a 

kinase/phosphatase {see Example 1, above). 

The further analysis of the gene locus encoding the two component system VncS -VncR 
putative genes involved in the trigger pathway of autolysin revealed a two component 

3 0 regulatory system VncR- VncS , which regulates the expression of a peptide, P27, which itself 

is exported by an ABC-transporter. Expression of the peptide is induced at late logarithmic 
phase and it mediates growth inhibition in other pneumococci. 

Organization and regulation of the gene locus: Using Analysis of the gene cluster upstream 
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of the two component system, VncS-VncR, revealed a 84-bp large open reading frame p28 
encoding a small signal peptide, P27 and three genes encoding a putative ABC (ATP-binding 
cassette) transporter Vexp (Fig. 13) [Higgins, Annu Rev Cell Biol, 8:67-1 13 (1992); Linton 
and Higgins, Mol Microbiol, 28:5-13 (1998)]. Vexp has a fused ABC-ABC organization 
with heterodimeric transmembrane domains (TMDs). The genes vexpl and vexp3 encode 
putative hydrophobic transmembrane proteins consisting of four TMDs. vexpl and vexp3 
flank the gene vexpl which encodes an ATP-binding cassette (ABC) protein including the 
Walker A motif GX^K^S/T) [Walker et al, EMBO J, 1:945-951 (1982)] at amino acid 
positions 41 to 46, and the Walker B motif (R/K^X^hyd^ (hyd, hydrophobic residues) 
[Ames et al, FEMS Microbiol Rev, 6:429-446 (1990); Hyde et al, Nature, 346:362-5 
(1990)], at amino acid positions 142 to 156. An ABC signature sequence (IVY)SGG(QZM) 
[C.F. Higgins, Annu Rev Cell Biol, 8:67-113 (1992)], at positions 130 to 134, possibly 
functions as a peptide linker joining different domains of the protein. The fourth motif is a 
conserved histidine located 34 amino acids downstream of the aspartic acid of the Walker B 
motif, preceded by 4 hydrophobic residues and followed by a charged residue. ABC proteins 
often, but not exclusively, generate the energy of multi-component membrane bound 
transporters. They mediate the transport of a diversity of substrates, including ions, sugars 
and peptides [Alloing et al, J. Mol Biol, 241:44-58 (1994); Jenkinson et al, J. Bacteriol, 
178:68-77 (1996); Russell et al, L Biol Chem, 267:4631-4637 (1992)]. The majority of 
ABC transporters are associated with periplasmic-binding proteins which provide the 
primary substrate binding site for uptake of solute into cells [Linton and Higgins, Mol 
Microbiol , 28:5-13 (1998)]. The absence of such a protein in the putative Vexp ABC 
transporter indicates that it is expected to be involved in substrate export. 

2 5 Northern blot analysis using a 435-bp probe specific for vexpl, revealed a single transcript of 

2-kb indicating that vexpl and vexp2 are transcribed from one promoter located upstream of 
vexpl {see Example 5, above). Using a 900-bp probe specific for vexp3, a 1.7-kb large 
transcript, which does not match the size of the 1.38-kb open reading frame vexp3, was 
obtained. To confirm the assumption that the open reading frame p28 downstream of vexp3 

3 0 was cotranscribed from a promoter upstream of vexp3, a probe specific for the intergenic 

region between vexp3 and vncR was used. The 1 .7-kb transcript matched exactly the size of 
the transcript obtained with the probe specific for vexp3. Two putative stem loop structures 
directly downstream of p28 indicated termination of transcription. 
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Genes involved in export of peptides are usually found adjacent to the structural gene and are 
under the same regulation [Kolter and Moreno, Annu. Rev. Microbiol, 46:141-165 (1992)]. 
The close vicinity of the two component system VncR/S to the ABC transporter and the gene 
encoding P27 suggested a regulation of this locus by the two component system. In addition, 
VncR/S is responsible for repression and release of the autolytic trigger pathway. One of the 
stimuli sensed by the sensor histidine kinase VncS is most likely that of an unknown cell 
density signal. 

To investigate if the response regulator VncR and P27 are indeed both regulated in a cell 
density dependent manner, the wild type strain R6 was harvested at different growth stages. 
Northern blot analysis demonstrated that cells harvested from the early- and mid-exponential 
growth stage, showed almost no transcription of vncR, whereas bacteria obtained from 
stationary growth stage demonstrated a clearly increased transcription of vncR. Similar to 
these findings the level of transcription of p28 increased during stationary phase. The loss of 
function mutant vncR demonstrated a constitutive level of transcription of the p28 gene, and 
an upregulation of the p28 gene was not observed during stationary phase. This finding 
establishes a direct link between the response regulator VncR and regulation of the p28 gene. 

Triggering of different death pathways by VncS: Mutations of the HK (vncS) have been 
shown to lead to loss of killing by penicillin, vancomycin and a variety of other antibiotics. 
This tolerance phenotype indicates that VncR/S may participate in the triggering pathway for 
the major pneumococcal autolysin, LytA. A model was proposed, which delineates VncS as 
a kinase/phosphatase controlling the level of phosphorylation of the response regulator 
VncR. A dephosphorylated VncR could enable triggering of LytA, e.g. during stationary 
phase or due to triggering by antibiotics. To address the question if the kinase/phosphatase 
VncS was indeed directly linked to the major pneumococcal autolytic pathway, VncS was 
overexpressed from a plasmid in a vncS deficient knockout mutant. For that purpose the 
vncS mutant was transformed with a construct where vncS was placed downstream of the 
inducible promoter of comA and ligated in the vector pMU1328 [Achen et al., Gene, 45:45- 
49 (1986)], creating the strain RNET01 . Induction of transcription with the competence 
stimulating peptide (CSP) leads to an approximately 40-fold increase in transcription. After 
addition of 10 //g/ml of CSP to RNET01, the strain grew in long chains with up to 200 
pneumococci. This morphological feature was remarkable, since neither a knockout in the 
major autolysin LytA, nor in the newly discovered glucosaminidase, LytB [Garcia et al., 
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Mol Microbiol, 31:1275-1277 (1999)], led to a major impact on daughter cell separation. 
However, an introduction of the lytB mutation into the amidase-deficient, lytA, led to a 
similar extent of chain formation compared to that observed in the RNET01 strain after 
induction of vncS transcription. These data provide evidence that the histidine/phosphatase 
5 VncS is likely to regulate in addition to the LytA specific pathway, other not yet defined 
death pathways, such as the LytB pathway. 

P27, an exopeptide induces growth inhibition and cell death: The gene locus Vexp-VncR/S 
includes an 84-bp open reading frame, p28. Northern blot analysis showed that this open 

1 0 reading frame is cotranscribed with vexp3, suggesting that p28 encodes a potential peptide 
with a predicted size of about 3 kDa. To further address the question whether transcription 
of p28 leads to a translational product, the peptide was synthesized and used to raise specific 
antibodies. Western blot analysis of the cytoplasmic fraction and the supernatant of the 
parent strain R6 demonstrated a 3 kDa product reactive with the P27 specific antiserum (Fig. 

15 14). Analysis of the insertion duplication mutagenesis of vexp3, which is polar on the 

downstream p28 gene, resulted in no detection of any reactive species in either the cytoplasm 
or the supernatant (Fig. 14). Western blot analysis of the mutant defective in the first 
putative transmembrane protein, vexpl, showed no P27 in the supernatant (Fig. 14). This 
finding and the missing periplasmic binding protein in the organization of the 

2 0 ABC-transporter, VexP, as well as lack of a signal sequence of P27 is indicative that Vexp 
transports P27 outside the bacterial cell. The described co-transcription of the 
transmembrane protein vexp3 with the open reading frame encoding the peptide P27, is 
consistent with this conclusion, since genes that are involved in modification and export of 
peptides are often found adjacent to the structural gene and are under the same regulation 

2 5 [Kolter and Moreno, Annu. Rev. Microbiol , 46:141-165 (1992)]. 

To determine the biological effect of P27, cultures of the parent strain R6 at an OD 620nm of 
0. 1 were exposed to 0. 1 mmol of the synthetic peptide homolog P27. The peptide's effect on 
turbidity and viability is shown in Figures 15A-15C. Addition of P27 induced a potent 

3 0 growth inhibition in the parent strain R6 and resulted in a loss of viability of 2 log units. 

Titration experiments using concentrations of P27 ranging from 50 nmol to 0.2 mmol 
demonstrated that the extent of growth inhibition was dose dependent (Fig. 15C). This 
behavior is distinct from all other antibiotics described to date, which have a clear cut MIC. 
At a concentration of 50 nmol the inhibition of growth was marginal, whereas the addition of 
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0.2 mmol of synthetic peptide resulted in complete growth arrest. At concentrations greater 
than 0.05 mmol a substantial loss of viability was demonstrated for R6. 

To ensure the specificity of the biological effect mediated by peptide P27, different peptide 
5 structure variants were analyzed. Using two truncated forms of the peptide lacking 14 amino 
acids from the C-terminus or 14 amino acids from the N-terminal region abolished its 
biological activity completely. A truncated form lacking the 5 C-terrrrinal also reduced its 
efficiency (Figure 16). 

P27 is capable of triggering different auto lytic pathways: To identify the relationship 
between P27 and the activation of the autolysin LytA, the bactericidal effect of the peptide 
on the pneumococcal mutant Lyt-4-4 (which is deficient in the major autolysin), was 
investigated. The mutant Lyt-4-4 was still killed by P27 but not as efficiently as R6 (Fig. 
17), suggesting that cell death induced by P27 is not entirely dependent on an intact LytA. 
Furthermore, these data provide further evidence that in addition to the major pneumococcal 
executioner, LytA, alternative death pathways exist, which can be activated by P27. 
Compared to the diplococcal morphology of wild type pneumococci, pneumococci lacking 
an active autolysin grow in long chains. Addition of the peptide to the mutant Lyt-4-4 
resulted in reversion of the chains to diplococci also indicating dominance of the peptide for 
the phenotype of cell separation and that the activity of the peptide can override a loss in 
autolysin activity. 

To investigate if the peptide P27 was not only capable of triggering different death pathways 
but was in fact, obligatory, a mutant deficient in P27 was investigated for antibiotic 

2 5 tolerance. Insertion duplication mutagenesis of vexp3 was performed which resulted in a 

mutant deficient in P27 production due to the polar effect. This was confirmed by Western 
blot analysis. After addition of 10 x MIC of vancomycin, the vexp3 mutant underwent less 
than 2 log kill in 4 hours in contrast to 4 log kill of the wild type (Fig. 1 8A). Analogous to 
the vncS mutant, tolerance for the vexp3 mutant extended to penicillin and cephalosporins 

3 0 suggesting that the peptide, P27, might be indeed required for the initiation of pneumococcal 

death pathways. To exclude the possibility that tolerance of the vexp3 mutant resulted from 
changes in either the expression or intrinsic activity of the autolysin LytA, Western blot 
analysis of LytA of the vexp 3 mutant was performed. The blot showed in addition to the 
expected 36 kDa band, an additional 54 kDa larger band (Fig. 18B). However, exogenous 
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autolysin from vexp 3 mutant was as efficient as that from wild type pneumococcus at 
reconstitution of lysis of the autolysin deficient strain Lyt-4-4 (Fig. 18C). 

Exposing the vncS mutant to the P27 peptide did not result in growth inhibition or even cell 
5 death. To investigate if this phenomenon was restricted to mutations in VncS or rather to the 
antibiotic tolerant phenotype, clinical pneumococcal isolates, which had no defect in the 
histidine/kinase VncS (verified by sequencing), were exposed to 0.1 mmol of P27. Although 
the isolates showed growth inhibition to a different extent, in all samples tested a clear 
reduction in growth could be observed. This supports the conclusion that VncS might 
10 function as a receptor for P27. 

P27 and the stringent response mechanism: The stringent response is believed to prevent the 
death pathway. To clarify the relationship of the stringent response to P27 activity, protein 
synthesis of R6 was inhibited by leucine deprivation and the effect of P27 was monitored 
(Figure 19). Under these conditions, neither the addition of 10 x the MIC of penicillin or 
vancomycin nor the addition of 0.2 mmol P27 resulted in lysis of R6. However, a 
combination of a cell wall synthesis-inhibiting antibiotic, e.g., penicillin with P27 resulted in 
significant lysis of the cells. The minimum concentration of penicillin required to cause 
penicillin dependent autolysis was equal to its MIC (0.1 mg/ml). This suggests that the 
stringent response interrupts two steps in the autolytic pathway, one circumvented by 
antibiotics and the other one by exogenous P27. 

Discussion 

2 5 The phenomenon that suppression of the autolytic system in bacteria leads to antibiotic 

tolerance suggested the framework for the mechanism of action of penicillin 30 years ago 
[Tomasz et al., Nature, 227:138-140 (1970)]. Members of this regulatory circuit, a universal 
feature of bacteria, have not been as yet found. Antibiotic tolerance is of clinical 
significance, as it has been shown that the inability to eradicate tolerant bacteria leads to 

3 0 failure of therapy [Entenza et al., /. Infect. Dis. , 175:70-76 (1997); Handwerger and Tomasz, 

Revs. Infect. Dis., 7:368-386 (1985); Meesonet aL, J. Antimicrob. Chemother., 25:103-109 
(1990); Novak et al, Nature (1999); Tuomanenet al., /. Bacteriol, 170:1373-1376 (1988A); 
Tuomanen et aL, /. Infect. Dis. f 158:36-43 (1988)]. Furthermore, tolerance is considered to 
promote the development of antibiotic resistance and in a time of dramatically increasing 
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antibiotic resistance, the need to uncover the trigger pathway of autolysins has become more 
urgent. Although the distinctive mechanisms mediating antibiotic resistance have been 
studied extensively, the link between binding of antibiotics to their bacterial target and the 
consequent activation of the trigger pathway regulating the activity of autolysins remains 
5 completely obscure. 

The present results demonstrate that in S. pneumoniae, the two component regulatory system, 
VncR/S is part of a signal transduction pathway most likely triggering different autolytic 
pathways. Overexpression of the histidine/kinase VncS led to an almost complete block of 
daughter cell separation, identical to an effect observed in a double knockout of the 
autolysins LytA and LytB. Furthermore, it could be demonstrated that VncR/S upregulates 
the transcription of a 27 amino acid peptide, P27 (SEQ ID NO:44), which presumably 
functions as a death effector. The peptide is cotranscribed with a putative transmembrane 
protein, which is part of an ABC-transporter, Vexp, that exports P27. This complex is 
located directly upstream of the two component system, VncR/S. Although the peptide is 
constitutively expressed at a low level, transcription is upregulated during late logarithmic 
stage when pneumococci are known to undergo spontaneous autolysis. This quorum sensing 
paradigm is consistent with a similar set of transporter, peptide and two component system 
that controls competence [Havarstein et al., Mol Microbiol., 21:263-869 (1996); Pestova et 
al., Mol Microbiol, 9:1037-1050 (1996)]. Sensing the peptide P27 by other pneumococci 
leads to initial growth inhibition and later on to cell death. These effects occur in part 
independently of the autolytic trigger pathway LytA, since the LytA defective strain, Lyt-4-4, 
experiences a similar biological effect, though to a lesser extent. Another important feature 
of the P27 peptide is illustrated by its interaction with the stringent response, the most 
powerful regulation of autolysis known in bacteria. A combination of a cell wall synthesis 
inhibiting antibiotic with the peptide relaxes the stringent response. An effect which has 
otherwise only been described for chloramphenicol [Kusser and Ishiguro, /. Bacteriol, 
164:861-865 (1985)]. 

3 0 A key element of the biology of the peptide P27 is its integration into the signal transduction 
pathway initiated by the two component regulatory system VncR/S. During logarithmic 
phase, the autolytic systems are repressed by a stimulus, which promotes the phosphorylation 
activity of the histidine kinase. Release of this stimulus is considered to be cell density- 
dependent and most likely leads to a dephosphorylation of the response regulator VncR. It is 
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reasonable to assume that the observed upregulation of transcription during late logarithmic 
stage of vexp3 and the cotranscribed p28, is due to the same signal. This assumption is 
supported by the observation that a mutant deficient in VncR demonstrates low level 
transcription and no clear upregulation of vexp3-p28 during late logarithmic stage. 

5 

The concurrence of cell death and lysis upon exposure to antibiotics targeting cell wall 
synthesis indicates that many bacteria, including pneumococci, are killed by triggering their 
major autolytic enzymes. However, it is known that in some bacteria killing occurs without 
accompanying autolysis [Handwerger and Tomasz, Revs. Infect. Dis. t 7:368-386 (1985); 
10 Home and Tomasz, Antimicrob. Agents Chemother, 11:888-896 (1977); McDowell and 

Lemanski, J. Bacteriol, 170:1783-1788 (1988)], suggesting that mechanisms other than cell 

□ lysis exist in bacteria for the killing effect of penicillin. It has long been assumed that 

^ penicillin and other such cell wall inhibitors act in pneumococcus through the triggering of 

□ the major autolytic amidase, LytA. Different findings suggest that only part of this killing is 
\%i z 1 5 due to cell lysis by the amidase, indicating that other death pathways in S. pneumoniae exist. 
: S Exposing pneumococci to cyclic antibiotic pressures revealed mutants with a mutation in the 

uncharacterized cid gene, which were able to resist both lysis and killing induced by 
5 penicillin [Moreillon et aL, Antimicrob. Agents Chemothe., 34:33-39 (1990); Moreillon and 

Q Tomasz, /. Infect. Dis., 157:1 150-1157 (1988)], although they contained normal autolytic 

^ 2 0 amidase and cell walls normally susceptible to digestion by amidase. These findings led to 

:jy the conclusion that pneumococci have two different targets for penicillin: an 

autolysis-dependent and autolysis-independent killing mechanism [Moreillon et aL, 
Antimicrob. Agents Chemothe., 34:33-39 (1990)]. However, even though the cid gene and 
the lytA gene are not related, triggering of the amidase activity in situ in growing bacteria 

2 5 was significantly reduced in Lyt + Cid" cells, indicating that there ought to be a regulatory 

interaction between the cid gene and the amidase. 

As disclosed herein several findings indicate that P27 functions as a signal capable (or 
perhaps even required) for the triggering of different death pathways in S. pneumoniae. 

3 0 First, P27 is able to stop growth and induce cell death in the LytA deficient, Cid positive 

strain, Lyt-4-4. Second, P27 potentiates the bactericidal effect of penicillin in antibiotic 
sensitive and LytA deficient bacteria. Third, although P27 is not sufficient in promoting cell 
death in starved bacteria alone, it is able to induce cell death in combination with an 
antibiotic such as penicillin. 
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A further indication of the involvement of P27 in pneumococcal cell death is the concurrence 
of the cell density-dependent upregulation of P27 and the suicidal activity during stationary 
phase. In addition, overexpression of the HK(VncS) in a non-tolerant background led to the 
induction of antibiotic tolerance, and to a complete lack of daughter cell separation. This 
indicates that VncS regulates at least one additional death pathway in pneumococcus. An 
assumption, which is supported by a recent publication demonstrating that a double knockout 
in LytA and LytB, a newly discovered pneumococcal murein hydrolase, leads to an almost 
complete block of cell separation [Garcia et al.,Mol. Microbiol, 31:1275-1277 (1999)]. 
Although a LytB deficient mutant did not lead to an antibiotic tolerant phenotype, its 
proposed function as a glucoaminidase [Garcia et al., MoL Microbiol, 31:1275-1277 (1999)] 
suggests a role in cell division and autolysis. 

Bacteria and fungi sometimes use cationic peptides like lantibiotics and bacteriocins as 
selective antibiotics [Kolter and Moreno, Annu. Rev. Microbiol, 46:141-165 (1992)]. The 
mode of action of cationic peptides is not receptor mediated, but rather self-promoted 
[Gough et al, Infect Immun., 64:4922-4927 (1996); Piers et al , Antimicrob. Agents 
Chemother, 38:231 1-21 16 (1994)]. Cationic peptides have two distinguishing features. They 
have a net positive charge at neutral pH of at least +2 by virtue of their content of the basic 
amino acids, arginine and lysine, and a distinct three dimensional structure [R.E.W. 
Hancock, Lancet, 349:418-422 (1997)]. Despite the fact that the peptide P27 has a net 
charge of +4 at neutral pH, and an alpha helical structure, it also has properties that are 
different from the members of this group. For example, the peptide P27 had no MIC 
normally observed in cationic peptides, but rather demonstrated a dose dependent inhibitory 
effect on growth. The mode of action and selectivity of cationic peptides is determined by 
their interaction with bacterial cell membranes. This implies a relatively wide range of 
activity and a non-receptor mediated effect. However, P27 does not inhibit growth of the 
histidine/phosphatase vncS mutant suggesting VncS might act as a receptor. 

Taken together, the data in the present study provide important evidence that the two 
component system VncR/S is the beginning of a signal transduction pathway involved in 
regulating different death pathways in S. pneumoniae. One of the death effectors seems to be 
a peptide encoded by the open reading frame between vex3 and vncR (see Figure 13) which 
is also regulated by the two component system VncS/R. As shown in the above Example, 
P27 is one such peptide. In a quorum sensing dependent manner, transcription of P27 
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appears to be activated. 

The present invention is not to be limited in scope by the specific embodiments described 
herein. Indeed, various modifications of the invention in addition to those described herein 
will become apparent to those skilled in the art from the foregoing description and the 
accompanying figures. Such modifications are intended to fall within the scope of the 
appended claims. 

It is further to be understood that all base sizes or amino acid sizes, and all molecular weight 

or molecular mass values, given for nucleic acids or polypeptides are approximate, and are 

provided for description. Various publications are cited herein, the disclosures of which are 
incorporated by reference in their entireties. 





